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Zusammenfassung in Deutsch 
Es kann davon ausgegangen werden, dass der Trend hin zu Telekommunikationssatelliten mit 
immer höherer Leistung in den nächsten 10 Jahren zu Satelliten-Plattformen mit 30kW und 
mehr führen wird. Batterien, welche eine Leistung von 30kW für Eklipse-Längen von 72 
Minuten zur Verfügung stellen müssen, werden daher einen immer größeren Einfluss auf die 
Gesamtmasse des Satelliten haben. Regenerative Brennstoffzellensysteme wurden daher schon 
vor Jahren als mögliche Alternative zu wieder aufladbaren Batterien untersucht. Mehrere 
unabhängige Studien sind zu dem Schluss gekommen, dass die größte Problematik in der 
Einführung von Brennstoffzellensystemen auf Satelliten darin besteht, die relativ großen 
Mengen an Abwärme effizient abzustrahlen. Die Radiatoren, die hierfür benötigt werden 
können 50% der Masse des Gesamtsystems ausmachen. Um dieses Problem zu überwinden 
wurde als Startpunkt der vorliegenden Arbeit die Nutzung von Metallhydriden als kombinierter 
Wasserstoff- und Wärmespeicher vorgeschlagen. Während sich der Satellit im Erdschatten 
befindet produziert die Brennstoffzelle Abwärme, während zur gleichen Zeit der Metallhydrid-
Tank Wärme benötigt um Wasserstoff freizusetzen. Die Abwärme der Brennstoffzelle muss 
daher nicht direkt über Radiatoren abgestrahlt werden, sondern wird von Metallhydrid-Tank 
absorbiert um dann während dem restlichen Erdumlauf 20 mal langsamer mit einem deutlich 
kleinerem und leichteren Radiator abgegeben werden zu können. 
Diese Arbeit hat zum Ziel, das durch analytische und experimentelle Methoden untersuchte 
Potential der Anwendung einer solchen Technologie auf Satelliten zu präsentieren. 
Die Modellapplikation für diese Arbeit ist ein 39kW Telekommunikationssatellit. Die 
Ergebnisse lassen sich allerdings auch auf andere Anwendungen skalieren und übertragen. 
Um ein System zu entwickeln, welches den Anforderungen der Raumfahrt, insbesondere 
Gewichts- und Volumenseinschränkungen sowie Lebensdaueranforderungen von 15 Jahren 
und 1200 Zyklen, gerecht wird, müssen sämtliche Komponenten optimiert und aufeinander 
abgestimmt werden. Dies betrifft insbesondere das Metallhydrid-Material, das Druckgefäß 
sowie den Wärmetauscher. Dabei sind mehrere technologische Herausforderungen 
insbesondere für die Anwendung auf Satelliten zu berücksichtigen: 
1. Die Art der Synthetisierung und Aufbereitung des Metallhydrids selbst haben einen 
starken Einfluss auf die Leistungsfähigkeit des gesamten Systems. Der Grund dafür 
liegt in der niedrigen Wärmeleitfähigkeit des Materials, sowie in mikroskopischen und 
makroskopischen Materialtransformationen, die den Wasserstoff Absorptions- und 
Desorptionsprozess begleiten. 
2. Die meisten Metallhydride haben eine hohe Sensitivität gegenüber Restfeuchte im 
Wasserstoff, welche zu einer Abnahme der Speicherkapazität mit zunehmender 
Zyklisierung führt. 
3. Das Design eines Wärmetauschers zur Kopplung des Metallhydrids mit der 
Brennstoffzelle hat einen maßgeblichen Einfluss auf die Leistungsfähigkeit des 
Metallhydrid-Tanks, sowie auf dessen Lebensdauer. 
Die Auswahl des Metallhydrid-Materials hängt stark von den Anforderungen der konkreten 
Anwendung, wie etwa Druck- und Temperaturbereiche von Brennstoffzelle und Elektrolyseur, 
ab. In dieser Arbeit wurde das Metallhydrid Natrium Alanat gewählt, um die Leistungsfähigkeit 
der Technologie zu demonstrieren. Diese Wahl ist hauptsächlich durch den hohen Grad an 
Wissen über dieses Material motiviert. Als komplexes Metallhydrid kombiniert es relativ 
niedrige Desorptionstemperaturen (<150°C) mit vernünftigen gravimetrischen Speicherdichten 
(~4 wt%). Mehrere Materialklassen wurden in der jüngeren Literatur identifiziert, die eine 
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Verbesserung auf Materialebene versprechen, allerdings ist keines davon ausreichend 
charakterisiert um Testergebnisse eindeutig technologischen Entwicklungen und nicht 
Materialeigenschaften zuordnen zu können. Das Modell-Material Natriumalanat wurde nichts 
desto trotz dahingehend optimiert, dass es mit Expanded Natural Graphene (ENG) in Pellet-
Form kompaktiert wurde um die Wärmeleitfähigkeit um etwa eine Größenordnung zu erhöhen. 
Neben der thermischen Leitfähigkeit wurde der durch Oxidation mit Restfeuchte bedingte 
Materialverlust untersucht, um festzustellen, ob eine Entfeuchtung des von Elektrolyseur 
kommenden Wasserstoffs notwendig ist. Um dies zu untersuchen wurde eine Testanlage 
entwickelt und aufgebaut, die es ermöglicht beliebige Wasserstoff-Speichermaterialien mit 
kontrolliert befeuchtetem Wasserstoff automatisch zu zyklisieren. EDX-Messungen haben 
gezeigt, dass für den Fall von Natriumalanat vorwiegend NaAlO2 gebildet wird. Quantitative 
Auswertungen der Oxidation nach 200 Zyklen haben zu dem Schluss geführt, dass nach 15 
Jahren Lebensdauer (1200 Zyklen) etwa 30% Materialverlust zu erwarten sind. Dieses Ergebnis 
kann für einen Trade-Off auf Systemebene genutzt werden, in dem die Masse eines 
Entfeuchtungssystems mit der Mitnahme zusätzlichen Materials verglichen wird. 
Die Nutzung von Metallhydrid-Pellets limitiert die Freiheitsgrade für das Design eines 
effizienten Wärmetauschers erheblich. Als Möglichkeit, diese Limitierung zu überwinden, 
wurden interne Strömungskanäle in Hohlrohr-Geometrien vorgeschlagen. Dieses neuartige 
Wärmetauscher-Konzept, realisiert durch selektives laserschmelzen oder ‚3D-drucken‘, erlaubt 
es zusätzlich, die Wasserstoffzufuhr in den Wärmetauscher zu integrieren. Dies stellt sicher, 
dass die Zu- und Abfuhr von Wasserstoff ins Metallhydrid praktisch an derselben Stelle 
erfolgen, was lokale Überhitzungen des Materials vermeidet und dadurch die Lebensdauer des 
Tanks deutlich erhöht. 
Eine ausführliche Optimierung mittels analytischer Berechnungen und thermischer 
Simulationen wurde durchgeführt, um eine Tank- und Wärmetauscher-Auslegung zu finden, 
welche einen möglichst effizienten Wärmeaustausch zwischen Brennstoffzelle und 
Metallhydrid sicherstellt. Für die Modellanwendung eines 39kW Telekommunikations-
Satelliten besteht diese Konfiguration aus 7 zylindrischen Tankzellen mit je 1 m Länge und 
12 cm Durchmesser. 
Ein Technologiedemonstrator wurde realisiert mit demselben Durchmesser von 12 cm und 
einer reduzierten Länge von 35 cm. Dieser wurde in eine neue Test-Anlage integriert, welche 
die voll automatisierte Simulation von Brennstoffzelle und Elektrolyseur ermöglicht. Das 
Verhalten des Tanks wurde mit Computer-Modellen verglichen, und festgestellt, dass die 
Kinetik des Tanks sehr ähnlich zu der an Material-Samples gemessenen ist. Dies bestätigt, dass 
Leistungsverluste durch thermische Transport-Phänomene auf ein Minimum reduziert wurden. 
Mithilfe dieser Modelle, sowie der gewonnenen Test-Daten konnten folgende Kenngrößen 
eines 39kW Systems extrapoliert werden: 
1. Unter Berücksichtigung des Wasserstoffs welcher im Metallhydrid gespeichert ist, 
sowie jenes welcher in den Freiräumen des Drucktanks verbleibt, ergibt sich eine 
Speicherkapazität von 4.2 wt% (relativ zum Metallhydrid). 
2. Unter Berücksichtigung der Reaktions-Wärme bei der Wasserstoffabgabe, sowie der 
Wärmekapazität von Tank und Metallhydrid können 60% der Abwärme der 
Brennstoffzelle im Tank gespeichert werden. 
3. Abhängig von verfügbarer Temperatur und Wärme könnte ein großer Teil des 
Wasserstoffs deutlich schneller zur Verfügung gestellt werden, als die Brennstoffzelle 
es erfordert. Dies könnte etwa für H2O Triebwerke relevant sein. 
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4. Zuletzt wurde die Kaltstart-Fähigkeit des Tanks diskutiert. Es kann davon ausgegangen 
werden, dass der Tank bei Raumtemperatur initiiert werden kann und bereits 
ausreichend Wasserstoff zur Verfügung stellt während er noch aufgeheizt wird. 
Die in dieser Arbeit präsentierten Untersuchungen haben zu einem fundierten Verständnis der 
Anwendung von Metallhydrid basierten Wasserstoff- und Wärmespeichern auf Satelliten, 
sowie dem Potential dieser Technologie geführt. Lösungen für mehrere, für Weltraum-
Anwendungen einzigartige, Herausforderungen wurden mittels wissenschaftlicher 
analytischer, numerischer und experimenteller Methoden untersucht. Mittels eines 
Technologiedemonstrators konnte des Weiteren gezeigt werden dass bei geeigneter Auslegung 
des Tanks beinahe die volle dynamische Leistungsfähigkeit des Metallhydrides auf Tank-Ebene 
abgerufen werden kann. Es konnte gezeigt werden, dass die Einführung eines Metallhydrid-
Tanks helfen kann, die Probleme, die die Implementierung eines reversiblen 
Brennstoffzellensystems auf Satelliten mit sich bringt, insbesondere bei 
Telekommunikationssatelliten, zu überwinden. Thermische Probleme, verursacht durch die 
Abwärme der Brennstoffzelle, können deutlich reduziert oder sogar vollständig ausgeräumt 
werden. 
Ein reversibles Brennstoffzellensystem mit heute verfügbarer Technologie und einem 
Metallhydrid-Tank kann 200 Wh/kg erreichen, was dem theoretischen Limit von Li-Ionen 
Batterien auf Zell-Level entspricht. Unter der Annahme von realistischen Optimierungs-
Potentialen aller Komponenten scheinen Energiedichten von 290 kW/kg realistisch. Nichts 
desto trotz macht es die starke gegenseitige Abhängigkeit der Leistung der unterschiedlichen 
Komponenten eines reversiblen Brennstoffzellensystems schwierig, zu einer finalen Bewertung 
der zukünftigen Leistung und Konkurrenzfähigkeit eines Gesamtsystems im Vergleich zu 
zukünftigen Batterie-Technologien zu gelangen. Es muss an dieser Stelle genügen, dass 
mehrere Aktivitäten von der Europäischen Weltraumbehörde (ESA) sowie der Europäischen 
Weltraumindustrie initiiert wurden, die derartige Untersuchungen weiterführen und sich dabei 
auf die Ergebnisse der vorliegenden Arbeit und damit auf die Nutzung eines optimierten 
Wasserstoff- und Wärmespeichersystems für Telekommunikationssatelliten begründen. 
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Summary in English 
Next generation telecommunication satellites will demand an increasing amount of power in 
the range of 30 kW or more within the next 10 years. Battery technology that can sustain 30 
kW for an eclipse length of up to 72 minutes will represent a major impact on the total mass of 
the satellite, even with new Li-ion battery technologies. Regenerative fuel cell systems (RFCS) 
were identified years ago as a possible alternative to rechargeable batteries. Nevertheless, one 
major drawback was identified by several independent system studies, namely the need to 
dissipate large amounts of heat from the fuel cell (FC) during eclipse. This in turn requires 
massive thermal hardware (mainly large radiators) that can contribute up to 50% of the system 
mass.  In order to overcome this issue, the use of metal hydrides (MH) as combined hydrogen 
and heat storage system was suggested as a starting point of the research presented in this thesis. 
During eclipse the FC must dissipate waste heat, and at the same time the MH tank must absorb 
heat in order to desorb hydrogen. Rather than dissipating the waste heat from the FC directly 
through a radiator, it can be stored solely, or partly, in the MH tank, to be dissipated during 
Equinox, with a 20 times slower rate, requiring a radiator with significantly less volume and 
mass. 
This thesis aims to present the potential of using such MH storage tanks to alternately store 
hydrogen and waste heat from the FC on-board a spacecraft, investigated by theoretical and 
experimental means. 
The model application for the MH tank technology considered in this thesis is a 39 kW 
telecommunication satellite. Nevertheless, the derived results are to be considered a generic 
outcome and can be translated or scaled to many other applications as is described in detail in 
the relevant sections. 
In order to derive a system that can cope with lifetime requirements of 15 years, over 1200 
cycles and weight and volume demands of a spacecraft system, optimized solutions for all 
components of a MH tank (that is mainly the MH material, the pressure vessel and the heat 
exchanger) must be found and combined, taking into account the influence they have on each 
other. Several technological challenges can be identified in the design of a MH tank system that 
are particularly relevant to the application on a spacecraft: 
1. The preparation of the material has a high impact on the performance of the overall tank 
system. This is due to the rather low thermal conductivity of the material itself as well 
as microscopic and macroscopic material changes, that accompany the hydrogen 
absorption and release. 
2. Most MH materials have a high sensitivity to residual water content in the hydrogen, 
which will lead to a loss in storage capacity over time. 
3. The design of a heat exchanger which thermally couples the tank to a FC is of critical 
importance and its performance can have a significant influence on not only the tank 
performance, but also its lifetime. 
The choice of material for a MH tank highly depends on the requirements given by the 
application, like for example the temperature and pressure levels of the FC and Electrolyser. In 
this thesis, the complex MH sodium alanate was chosen to be the best suitable material to 
demonstrate the capabilities of the technology on a laboratory scale. This choice is mainly 
driven by the high level of understanding of this material. As complex light MH, it combines 
relatively low desorption temperatures (<150°C, compatible with the current state of 
development of the FC) with reasonable gravimetric storage capacity (~4 wt%). Several 
material systems with better performance have been identified, but none is as well characterized 
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as sodium alanate. Therefore, sodium alanate was the most reasonable choice, in order to clearly 
link test results to technological advancements rather than newly found material properties. 
Nevertheless, advanced preparation methods for the MH material, namely the compaction with 
expanded natural graphene into pellets, were used to increase the thermal conductivity 
throughout the tank. 
Apart from the thermal conductivity, another important property of the MH material is the loss 
of material due to oxidation with residual water vapour in the hydrogen, provided by the 
electrolyser. The effect of water vapour in the hydrogen supply for sodium alanate wastested, 
in order to show whether a pre-conditioning of the gas supply to the MH tank is necessary. To 
achieve this, a test facility was designed to perform automated cycling of absorption and 
desorption processes with any arbitrary material and the possibility to precisely control the 
contamination of the gas supply with water vapour. EDX measurements showed, that the only 
oxide that is formed is NaAlO2. Quantitative analysis of the oxidation after 200 cycles lead to 
the result that 30% of the material are expected be oxidized and therefore lost during 1200 
cycles, corresponding to about 15 years of operation in GEO. On system level, a trade-off can 
be made, weighing the extra mass of a hydrogen drying system against the weight of the 
additional MH material necessary to achieve the required EOL storage capacity. 
The use of compacted MH material highly limits the degrees of freedom available for designing 
efficient heat exchangers. A way to overcome this limitation and to accurately control the heat 
exchange for simple pellet geometries was found by introducing internal flow channels in tube-
like geometries. In addition, the new heat exchanger concept presented in this thesis combines 
the functionality of the hydrogen distribution system with the heat exchanger. The new concept, 
made possible only by using selective laser melting technologies for ‘3D-printing’ the heat 
exchanger, ensures that heat is supplied or drawn from the system practically at the same 
location as the hydrogen is applied. This method helps to avoid local hotspots in the MH which 
are a main limiting factor for the lifetime of such a tank system. 
An extensive optimization analysis using both analytical calculations as well as thermal 
simulations was  performed in order to arrive at a tank and heat exchanger configuration that 
gives the best performance, in terms of heat transfer from the FC to the MH. For the model 
application of a 39 kW telecommunication satellite, this optimum configuration consists of 
seven cylindrical tank cells, each 1 m in length and 0.12 m in diameter. 
A technology demonstrator was designed with the same characteristic length as the full size 
tank (0.12 m diameter), but shortened to 35cm. It was integrated in a new test facility, which 
had been set up for fully automated simulation of both the electrolyser as well as the FC in the 
complete energy storage system. The performance of the tank was compared to computer 
models and it was found, that the kinetics of the whole tank system is very similar to the one 
that was measured on sample level. This confirms that losses in performance, due to thermal 
transport phenomena in the tank, had been reduced to a minimum. 
Using these models to extrapolate the test data, the following performance figures could be 
derived for the full size (39kW) system when using sodium alanate as MH material: 
1. Considering both the hydrogen absorbed in the MH as well as the hydrogen stored under 
pressure in the tank, the effective storage capacity calculates to 4.2 wt% (relative to the 
MH material). 
2. Considering the heat stored in the chemical reaction of the hydrogen desorption process 
as well as the heating of the tank and material from the sorption to the desorption 
temperature, 60% of the FC dissipation heat can be stored in the tank. 
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3. Depending on the temperature level and amount of heat available, a large part of the 
hydrogen volume could be provided significantly faster, than required for FC operation. 
This could be used for example in a H2O propulsion system.  
4. Finally the cold start capability was discussed. It is expected, that the MH tank can be 
initiated at room temperature and heated to its operating temperature while it already 
provides sufficient hydrogen to the FC. 
The work presented in this thesis has led to a thorough understanding of the potential 
application of a MH based hydrogen and heat storage system on spacecraft. Several challenges 
unique to the space environment were addressed and investigated both theoretically and 
experimentally and a technology demonstrator proved, that by appropriate optimization of the 
tank, it is possible to utilize almost the full performance capabilities of the MH itself. It could 
be shown, that the introduction of a MH tank system can help significantly to overcome the 
problems a RFCS system is facing when implemented in a spacecraft, in particular in a 
telecommunication satellite. Thermal issues arising from the heat dissipation of the FC can be 
reduced significantly or even resolved completely. 
It has been shown, that an RFCS using currently available technology and a MH tank can reach 
on system level 200 Wh/kg, which equals the theoretical limit of a Li-Ion battery on cell level. 
Considering reasonable optimizations of all components of the system, energy densities of up 
to 290 Wh/kg can be expected. However, the large interdependency of the work presented in 
this thesis with several other ongoing efforts (e.g. in FC and electrolyse technology 
advancements) makes it difficult to come to a final conclusion regarding the performance of 
the overall energy storage system, as well as its competitiveness, compared to next generation 
batteries. It has to suffice that several activities have been initiated by ESA and the European 
Space Industry to continue such investigations, using the outcome of this thesis as a baseline 
for an optimized hydrogen and heat storage system for telecommunication satellites. 
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1 Introduction 
1.1 Project Environment 
Next generation of telecommunication satellites will demand increasingly more power in the 
range of 30 kW or more within the next 10 years. Battery technology that can provide 30 kW 
for an eclipse length of up to 72 minutes will represent a major impact on the total mass of the 
satellite, even with new Li-ion battery technologies. Regenerative fuel cell systems (RFCS) 
were identified years ago as a possible alternative to rechargeable batteries. They consist of a 
dedicated fuel cell (FC) unit for electricity generation and a dedicated electrolyser which 
regenerates the FC reactants hydrogen and oxygen from the FC reaction product water. All 
units are integrated in a closed loop system. Nevertheless, one major drawback for the 
implementation of this technology on a spacecraft was identified by several independent system 
studies, namely the need to dissipate large amounts of heat from the FC during eclipse. This in 
turn requires massive thermal hardware (mainly large radiators) that can contribute up to 50% 
of the system mass. The author of this thesis has suggested already in his master thesis [1] to 
use metal hydrides (MH) as combined hydrogen and heat storage system to overcome this issue. 
An ESA funded project [2] was initiated in 2009 at FOTEC Forschungs-und 
Technologietransfer GmbH in order to investigate the potential of such solution. The work 
presented in this thesis has mainly been conducted in the framework of this project, supervised 
by Univ. Prof. Dr. Martin Tajmar. 
This thesis therefore follows the work logic of said project. First, the demands of future 
telecommunication satellites in terms of energy storage are being analysed. The possibility to 
meet such demands with available and currently envisioned battery technology is being 
discussed and the reversible FC system is being introduced as a potential alternative to battery 
technology. After introducing the addition of a combined hydrogen and heat storage system 
using MHs, a system study is being presented that analyses the aspects of this new concept on 
system level. 
Several technological challenges of implementing such a MH tank on a satellite were addressed 
and investigated both theoretically as well as experimentally. The result of these investigations 
is a technology demonstrator, demonstrating that those challenges can in fact be controlled by 
implementing innovative technical solutions. 
1.2 Telecommunication Satellites 
The payload of telecommunication platforms generally consists of antennas and transponders 
to broadcast communication or television signals. The amount of service that can be provided 
with such payloads is directly linked to the power that is available on board the satellite. 
There are several spacecraft bus platforms available worldwide for telecommunication 
applications. One example of a European bus system is the Alphabus platform shown in Figure 
1-1. With a lifetime of 15 years, it can support up to 1200 kg of payload mass with 12 kW to 
18 kW of continuous power. 
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Figure 1-1 Artist impression of the Alphasat. [3] 
Figure 1-2 shows the propulsion of the so called GEO-belt, where most of the 
telecommunication satellites are placed. 
 
Figure 1-2 Snapshot of satellites around the earth [4]. The high population of low earth orbit 
(LEO) and geosynchronous earth orbit (GEO) can be seen. 
1.3 Requirements for the Secondary Power System 
Whereas today's most powerful satellite platforms provide around 15 kW of electrical power, 
next generation telecommunication satellites are foreseen to demand increasingly more power, 
up to at least 30 kW within the next 10 years [5]. In general, solar panels will provide the 
necessary power to the satellite payload, but a secondary power system is needed when the 
satellite travels through the Earth's shadow (eclipse) or when the solar array power is not 
sufficient (during manoeuvres, peak power loads, fuse clearing, pyro pulse, reorientation modes 
and for pyrotechnics in general). 
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The secondary power system of a telecommunication satellite therefore needs to fulfil two 
major functions [1]: 
• Provide energy to the spacecraft whenever needed throughout the mission lifetime. 
• Store this energy when it is not needed by the spacecraft during solstice. 
The energy that has to be provided by the secondary power system is defined by the power 
demand of the satellite as well as the eclipse duration. 
A common telecommunication satellite has a lifetime of around 15 years. In geostationary orbit, 
at an altitude of 35 786 km, the angular radius of the earth is 8.7°. This means, that the satellite 
is in the earth’s shadow whenever the sun is within 8.7° of the equatorial plane. Each of the 30 
eclipses around the spring and autumn equinoxes (March 21st and September 21st) last for 
45 days and takes 11 minutes to 72 minutes maximum. Thus the secondary power system will 
have to cover a total of at least 1350 cycles with a total duration of less than 1500 h [1]. 
1.4 Batteries as Secondary Power System 
Batteries are classified into two principal categories [1]: 
• Primary batteries are completely discharged and cannot be recharged. They are used for 
short life missions or missions where very little power is required. 
• Secondary batteries are rechargeable and can be used to provide power whenever the 
primary power source is not available. 
During the first 30 years in the space industry, nickel-cadmium batteries have been widely used. 
They have a high cycle life but a low energy density of approximately 25 Wh/kg [6]. 
In 1977, the nickel-hydrogen battery was used for the first time aboard the U.S. Navy’s 
Navigation technology satellite-2 (NTS-2) [7]. After that, it became the industry standard for 
almost all geostationary earth orbit (GEO) and low earth orbit (LEO) satellites, with a 
significantly longer lifetime than the nickel-cadmium battery. Since this type of battery is 
designed to work under internal pressures of up to 80 bar, its mechanical structure takes about 
40% of the total battery mass. Considering this, the specific energy is approximately 30 Wh/kg. 
NiH2 batteries, have nowadays been largely replaced by Li-ion batteries. These batteries fly on 
several missions, some for 10 years already, and have accumulated some 130 million cell-hours 
in GEO without defect [8]. The first in-orbit demonstration of Li-Ion batteries happened on 
Proba-1 in 2001 [9] 
A survey of the available literature on secondary, i.e. rechargeable, satellite battery systems 
going back to about 2009 (with some sources going back to 2002) is shown in Table 1-1. 
Figure 1-3 and Figure 1-4 show the gravimetric and volumetric energy density of battery 
systems for spacecraft applications. It can be seen that NiH2 battery systems typically offer 
specific energy densities of about 10-60 Wh/kg. Li-ion battery systems typically offer much 
larger energy densities of 90-150 Wh/kg, with a cycle life appropriate for GEO applications, 
i.e. low cycle count, high (<80%) Depth-of-Discharge (DoD), but also for LEO, with higher 
cycle count and lower DoD (<40%) [10]. 
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Figure 1-3 Gravimetric density of batteries for satellites 
 
Figure 1-4 Volumetric storage density of batteries for satellites 
The following list compiles data from the following sources [8]–[26]. Note, that the 
performance of the batteries is usually either evaluated on the system level or on cell level, but 
almost no source reports both parameter. Some experiments are also dedicated to specific issues 
like cycle life and do not report gravimetric or volumetric energy densities at all. 
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Table 1-1 Survey of state of the art battery technologies for satellite applications 
Type 
System: 
Grav. 
energy 
density 
(Wh/kg) 
System: 
Vol. 
energy 
density 
(Wh/l) 
Cell: 
Grav. 
energy 
density 
(Wh/kg) 
Cell: 
Vol. 
energy 
density 
(Wh/l) 
Power 
density 
(W/l) 
Cycle life Source Missions/Status 
AgZn 100 191    100 [13] Pathfinder lander 
AgZn 100 150    <100@50% [14] MER proposed 
LiIon 150      [11]  
LiIon 90 250    
>400 @ 50% 
DoD 
[13] Spirit, Opportunity 
LiIon 90 250    >500 [13] MER Rover 
LiIon >150     
4.5k@50%, 
15k@25% DoD 
[14] in development 
LiIon >100 >250    >1k@50% [14] MER proposed 
LiIon 106  145   >810 [15] simulated GEO 
LiIon   126    [16] Eurostar 3000 
LiIon 150 400    >2k [17]  
LiIon 90-150 150-250   30-75  [9]  
LiIon   85    [18] Hayabusa 
LiIon      >30k [18] Reimei 
LiIon   170    [21] in validation 
LiIon   125    [8] flying (10 years) 
LiIon   153    [8] flying (>4 years) 
LiIon   118   >1000 [23] laboratory-tested 
LiIon   133   >70k@16%DoD [24] flying (Sapphire) 
LiIon   187   >11k@10%DoD [25] in qualification 
LiIon   158 340  >30k [26] Reimei 
Li-Ion 
(prim.) 
70-110      [12] in development 
LiS   200   100-1000 [20] experimental 
NaS 100      [11]  
NaS 140-210      [12] in  development 
NiCd 35      [11]  
NiCd 25-30      [12] space-qualified 
NiCd 34 53    25k-40k [13] Landsat, TOPEX 
NiCd 28-33 70    58k [13]  
NiCd 25 100    >1k@50% [14] MER proposed 
NiCd 35 100    500-2k [17]  
NiCd 40-50 50-100   15-30  [9]  
NiCd, NiH2 24-35 10--80    
>50k @ 25% 
DoD 
[13] TOPEX, HST, ISS 
NiH2 40      [11]  
NiH2 35-43      [12] space-qualified 
NiH2 40-56      [12] space-qualified 
NiH2 43-57      [12] space-qualified 
NiH2 8--24 10    >60k [13] ISS, HAST, Landsat 7 
NiH2 30-35 20-40    50k [13] 
Odyssey, MGS, 
MRO,.. 
NiH2 53--54 70--78    <30k [13] Clementine, Iridium 
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Type 
System: 
Grav. 
energy 
density 
(Wh/kg) 
System: 
Vol. 
energy 
density 
(Wh/l) 
Cell: 
Grav. 
energy 
density 
(Wh/kg) 
Cell: 
Vol. 
energy 
density 
(Wh/l) 
Power 
density 
(W/l) 
Cycle life Source Missions/Status 
NiH2 30 50    >1k@50% [14] MER proposed 
NiH2 45-65 35--50   10--30  [9]  
NiH2   60    [8] flying 
NiMH 75 240    300-600 [17]  
NiMH2 42      [11]  
Pb-acid 35 70    200-700 [17]  
Supercaps 5--30 6--50   1-2k  [9]  
Supercaps   <30   
still huge @ 
80%DoD 
[10] 
characterized for non-
space 
Supercaps   11.5 23   [10] cycle-life tested 
Supercaps 11.7      [22] flying demonstrator 
Some areas of current research related to satellite battery systems are: 
• Creating multifunctional batteries which also serve as structural elements [27] 
• Using supercapacitors for energy storage [22], which offer much larger power density 
in the order of 1-2000 W/l, compared to conventional batteries (10-75 W/l). At the same 
time, their energy density is much lower (5-30Wh/kg), a shortcoming which is at least 
partly offset by their capability to tolerate a much larger DoD (70-100%) without a 
severe impact on the cycle life [9], [10]. The typical orbit-average power demand of 
satellites is approximately 1W/kg [9]. 
• Combining super capacitors with conventional batteries into one energy storage system 
[10], to create an energy storage system with both a high energy density and the ability 
to comply with short-time large power demands which are typical e.g. for radar satellites 
[9]. 
1.5 Fuel Cell Systems for Spacecraft Applications 
The principle of a Regenerative FC System (RFCS) is to decouple the energy storage from the 
electrochemical electrodes in an electrochemical energy storage system and thus store energy 
as element with low mass such as hydrogen and oxygen instead of Lithium and transition metal 
based oxides. While Lithium batteries have a theoretical maximum storage capacity of about 
250 Wh/kg on cell level, a RFCS may store up to 1000 Wh/kg for systems with long discharging 
cycles. However, when used in relevant applications, both the Li-ion batteries and the RFCS 
will meet limitations which reduces their effective storage capacity. 
In two ESA Studies conducted by Thales Alenia Space and CMR Prototech [28] as well as 
EADS Astrium [29], regenerative FC systems (RFCS) were identified as a competitive 
alternative to rechargeable batteries. Figure 1-5 shows such a closed loop RFCS system that 
can act as a rechargeable battery, storing electrical power from the solar sails and releasing 
electrical power to the spacecraft during eclipse. 
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Figure 1-5 Schematic of a conventional RFCS [1] 
The attractive parameter is the potentially very high gravimetric energy density in the H2/O2 
reactant pair [1]. The energy content in the Reaction H2 + ½O2 → H2O is as high as 120 MJ/kg 
or 33.3 kWh/kg, and even if only 1/10 of this potential is released in a space qualified system, 
it compares very favourably with the potential of telecom batteries [5]. Also, as the reactants 
are not a part of the electrode material, the amount of stored energy in the RFCS does not 
determine the size of the electrodes. Power density and energy density can therefore be designed 
independently. The main drawback of a RFCS compared to batteries is the poor efficiency, 
requiring a very effective thermal control system as will be shown below. 
In two studies lead by European satellite manufacturers [28], [29], the status of terrestrial 
RFCSs was reviewed and as expected, no off-the-shelf RFCS usable for telecom satellites was 
found worldwide. 
A detailed trade-off of various configurations using different FC technologies was conducted 
and is discussed in detail in the master thesis preceding this work [1]. In the following, the 
conclusions of this trade-off are being presented [27]: 
1. Calculations of the impact on radiator mass showed the necessity of choosing an RFCS 
with a FC operating temperature well above 100C. Qualitatively, this can be 
understood by the amount of radiated heat being proportional to T4, T being the 
temperature of the radiating surface. Radiator mass can therefore be used more 
efficiently at higher temperatures. Options with regular PEMFCs operating at 60-80°C 
therefore had to be rejected. A Proton Exchange Membrane (PEM)-based Unitized 
Regenerative Fuel Cell (URFC) with NaBH4/H2O2 as reaction pair represented a 
possible option due to high efficiency, but the regenerative function of this technology 
remains to be proven and the level of maturity of the solution is still very low. 
2. In the described analyses, a RFCS with an high temperature PEMFC and a high pressure 
PEM electrolyser was selected for further assessment in a detailed system study due to 
the favourable operating temperature and reduced system complexity. This selection 
provides the basis for all subsequent developments suggested and analysed in this thesis. 
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3. The option with an alkaline FC and electrolyser also presented a possible option since 
the alkaline FC can be operated at 260 C and high pressures (40-55 bar). The high 
temperature PEM option was favoured due to a higher development potential and spin-
off value. Also, the regenerative SOFC seemed to have high potential. 
Including all results from the two system studies, performed by Thales Alenia Space and CMR 
Prototech, the advantages of a RFCS compared to a battery become clear, as shown in Figure 
1-6. The different values for batteries with thermal hardware originate in different batteries, 
thermal management systems and margins taken into account by the two studies. Both 
independent studies come to the conclusion, that the RFCS described in this section outperforms 
next generation Li-Batteries by a factor of around 50% [1]. 
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Figure 1-6 Performance trade-off between RFCS and battery technology. TH stands for the 
thermal hardware [1]. 
Nevertheless, some major drawbacks of this technology were identified [1]. 
• As already shown, the thermal control system requires almost 40% of the total mass of 
the RFCS system. 
• The volume of the RFCS is mainly driven by the hydrogen tank which takes as much as 
70% of the systems total volume. 
• In the proposed concept, hydrogen is stored at a pressure of 150 bar. This brings 
additional requirements for the used components regarding safety issues as well as the 
choices of materials. 
Those major drawbacks raised the idea to store the hydrogen within a MH rather than a 
conventional pressure tank [1]. Such a system is introduced and analysed in detail in the next 
section. 
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2 The Metal Hydride Regenerative Fuel Cell System 
(MH-RFCS) 
In the following section, the new energy storage system will be introduced and analysed on 
system level. It is an improvement of the conventional RFCS where the high pressure tank for 
storing hydrogen was replaced by a MH tank used to store hydrogen as well as the dissipation 
heat of the FC during the discharge period. This concept was introduced for telecommunication 
satellites in the master thesis preceding this work already [1]. Nevertheless, the basic 
mechanisms of storing hydrogen in MHs will be reviewed, followed by a more detailed 
description and analysis of the MH-RFCS. 
2.1 Metal Hydrides as Hydrogen and Heat Storage 
2.1.1 The Metal-Hydrogen System 
While hydrogen does not form compounds with most of the heavy simple metals, it reacts with 
d-band metals, as well as lanthanides and actinides to form metallic hydrides. Since hydrogen 
atoms can occupy interstitial sites in the metal lattice, they exist over extended ranges of 
nonstoichiometric compositions [30]. The reaction of hydrogen with a metal is called the 
absorption process and can be described by a one-dimensional potential energy curve as 
described by Lennard-Jones [31]. 
 
Figure 2-1 Lennard-Jones potential of hydrogen approaching a metal [32]. 
Far away from the surface of the metal, the potential of the hydrogen molecule lies below the 
potential of two hydrogen atoms, separated by 435.99 kJ/mol H2. The attractive interaction with 
the metal surface, due to the Van der Waals force, leads to the physisorbed state, approximately 
one molecule radius away from the surface, with EPhys~10 kJ/mol H2. Closer to the surface, the 
hydrogen has to overcome an energy barrier for dissociation and formation of the hydrogen-
metal bond in the chemisorbed state. The hydrogen atom can then jump in the surface layer and 
from there diffuse on the interstitial sites through the metal lattice [32]. Hydrogen is 
exothermally dissolved, which is called the -phase. At greater hydrogen to metal ratios than 
~0.1, the so called beta-phase nucleates and grows. 
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Depending on the metal, this phase consists of a compound between the metal and hydrogen 
and can be of one of the following types [30], [33]: 
• In ionic hydrides, metallic cations form an ionic bond with H+ ions. Examples are LiH, 
NaH or BaH2. 
• In metallic hydrides, the hydrogen atoms contribute with their electrons to the band 
structure of the metal. Examples are BeH2, TiH2 and VH2. 
• Covalent hydrides, also referred to as complex MHs, form discrete metal-hydrogen 
complexes in their solid state structures. These octahedral (for example [FeH6]
4-), 
square-pyramidal (for example [CoH5]
4-) or tetrahedral (for example [AlH4]
1-) anion 
complexes are surrounded by cations of a second metal (for example Na+ or Mg2+). 
2.1.2 Thermodynamics of Metal Hydrides 
Independent of the type of MH, as described above, the hydrogenation reaction takes the form 
 𝑥𝑀 + 𝑦𝐻2
−Δ𝐻𝑅
→   
 Δ𝐻𝑅  
←   
𝑀𝑥𝐻2𝑦 2.1 
where M is the pure metal or alloy forming the MH. ∆HR is the enthalpy of reaction of the 
hydrogenation process [1]. 
A schematic of pressure-composition isotherms (PCI), used to describe the thermodynamics of 
the hydride formation, is shown on the left side of Figure 2-2. 
 
Figure 2-2 Schematic pressure-composition isotherms of a MH (left) and the temperature 
dependence of thermodynamic properties (right). [32] 
In the alpha-phase regime, left of the plateau, where hydrogen atoms occupy interstitial lattice 
sites, the gas pressure rises according to the law of Sievert 
 𝑝𝑒𝑞 = 𝐾𝑆,𝛼(𝑇)𝑐𝐻
2  2.2 
with 
𝐾𝑆,𝛼 …𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑑𝑒𝑝𝑒𝑛𝑑𝑒𝑛𝑡 𝑠𝑜𝑙𝑢𝑏𝑖𝑙𝑖𝑡𝑦 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡   
𝑐𝐻 …ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛 𝑡𝑜 𝑚𝑒𝑡𝑎𝑙 𝑟𝑎𝑡𝑖𝑜   
𝑝𝑒𝑞…𝑒𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒  
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While α- and β-phase coexist, the PCIs show a flat plateau, according to Gibbs rule of phases. 
The length of this plateau determines the amount of hydrogen stored in the metal. At the right 
side of the plateau, where full saturation is reached, a steep increase in hydrogen pressure can 
be observed [1]. 
The Van’t Hoff equation connects the changes of enthalpy ∆H and entropy ∆S to the 
equilibrium pressure peq. 
 ln (
𝑝𝑒𝑞
𝑝0
) =
Δ𝐻
𝑅𝑇
−
Δ𝑆
𝑅
 2.3 
∆S corresponds mainly to the change from molecular hydrogen to dissolved solid hydrogen and 
is therefore -130 J/K mol H2 for all metal-hydrogen systems [32]. The enthalpy term 
characterizes the strength of the metal hydrogen bond. With ∆H being around 40 kJ/mol, an 
equilibrium pressure of 1 bar at room temperature can be reached. Hydrides with higher values 
for ∆H are stable at room temperature. Plotting the logarithm of the equilibrium temperature 
over the reciprocal temperature gives the Van’t Hoff plot as can be seen on the right side of 
Figure 2-2. The slope of this plot is proportional to ∆H and its intercept to -∆S. In Figure 2-3, 
the Van’t Hoff plots of some MHs are given. Among them Na3AlH6 and NaAlH4, the two 
phases of the complex MH sodium alanate. 
 
Figure 2-3 Van’t Hoff plots of some MHs [34] 
The enthalpy of reaction is negative for the absorption process of hydrogen into the MH. This 
means, that after applying sufficient energy to the system to overcome the energy barrier in the 
Lennard-Jones potential, as shown in Figure 2-1, the absorption of hydrogen into the metal is 
an exotherm process with significant heat evolution ∆Q=T∆S, where the desorption is 
endotherm. MHs can therefore be used as hydrogen storage tanks, by cooling the tank during 
the loading phase and heating it for unloading [35]–[37]. On the other hand, it is also possible 
to use the heat storage capability of MHs for technical applications [38]. The heat applied during 
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hydrogen desorption is permanently stored and will be released when hydrogen is applied to 
the MH. 
2.2 Basic Concept of the MH-RFCS 
During an eclipse, which is the time the satellite is in the Earth’s shadow, the solar cells are not 
able to provide enough energy for continuous operation of the payload. In this time, the FC 
would operate, generating a heat amount around 60 – 70 kJ per mol H2. The thermal hardware 
required for dissipating this amount of heat can add up to 50% of the system mass, as described 
in section 1.5. This is a major constraint to using a RFCS instead of a lithium ion battery on 
board a satellite. 
A possible way towards this end is a MH storage system that can store both, heat and hydrogen. 
Instead of direct heat dissipation via a radiator, the waste heat from the FC is at best completely 
absorbed by the MH material and used for hydrogen desorption during the Eclipse. For the 
geostationary orbit, which is interesting for a large number of possible applications, there is a 
factor of about 20 in time between desorption and rehydrogenation which is quite different to 
most terrestrial applications. As can be seen in Figure 2-8, the Eclipse is at maximum 72 
minutes, while the rest of the 24 hour day can be used for rehydrogenation. 
 
Figure 2-4 Maximum eclipse time for a geosynchronous satellite 
The MH has – apart from efficient hydrogen storage – the purpose to buffer the heat flows 
within the system over time. Since the peak heat flow from the FC during Eclipse is 
substantially reduced, a radiator of lower performance, thus mass, can be used. The thermal 
hardware has a profound impact on system mass so any savings there will result in a notable 
improvement in specific energy density. 
2.2.1 Energy Storage 
Figure 2-5 shows the basic principle of the FC dissipation heat being used to release hydrogen 
from a MH tank system.  
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Figure 2-5 Dissipation heat from the FC is used to release hydrogen from the MH reservoir [1]. 
The main advantage of such system for spacecraft is that thermal peak loads do not have to be 
radiated instantaneously. The heat is stored in the MH and released in the energy storage phase 
as shown in Figure 2-6 [1].  
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Figure 2-6 Generic sketch of the energy cycle of a telecommunication satellite in GEO during 
eclipse. Using a MH not only as hydrogen but also as heat storage system, dissipation heat from 
the energy provision phase is shifted to the energy storage phase, levelling out peak loads on the 
thermal control system [1]. 
Due to the heat storage in the proposed system, it is possible to combine the volume and 
gravimetric power density improvements of the RFCS with the low heat dissipation of a battery. 
This results in a significant weight reduction regarding the thermal control system of the former 
RFCS concept described in section 1.5. Also the MH-RFCS requires approximately half of the 
original RFCS systems volume since the volumetric density of a MH storage tank is 
significantly higher than that of the original pressure tank [1]. 
However, one crucial part of the new MH-RFCS is the thermal coupling between the FC and 
the MH material. The efficiency of the system, and therefore the mass reduction and 
subsequently the competitiveness to other energy storage systems, is directly linked to the 
optimization of this thermal coupling. 
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2.2.2 Operation Principle 
As described in the introduction, the MH tank is alternately storing hydrogen and heat. During 
discharging (FC operation), the tank is absorbing heat, while it is rejecting the heat during 
charging mode (electrolyser operation). 
Figure 2-7 shows the transient heat and hydrogen flows from and to the MH tank. During 
charging (1), the tank is supplied with 80 bar of hydrogen at a constant temperature of 150°C. 
At the beginning of the discharging period, hydrogen is starting to be released towards the FC 
at a constant flow rate, while the hydrogen flow from the electrolyser stops. For the first ten 
minutes (2), the hydrogen flow is provided by lowering the hydrogen pressure within the tank. 
At that time, the tank pressure is too high for hydrogen to be released from the MH material. 
Therefore no hydrogen is released from the tank. 
Since the FC is starting to operate, heat is transferred to the MH tank and is used to heat the 
tank. After ten minutes, the tank pressure falls below the equilibrium pressure of the MH 
material at the already elevated temperature of 170°C and the material starts to release hydrogen 
by absorbing heat from the FC. After a transitional period (3), the tank has reached its operation 
temperature of 190°C and hydrogen is provided only by constant desorption from the material 
against the operation pressure of the FC. 
At the end of the discharging period after about 70 minutes, the hydrogen flow to the FC is 
stopped and the pressure in the tank is being increased by the electrolyser, restarting the 
charging phase (5). 
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Figure 2-7 Transient hydrogen and heat flows within a MH tank during the discharging period. 
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It is important to note that the descried sequence is generic and all absolute values like durations 
of transients, pressures or temperature levels are for visualization of the concept only. They will 
be discussed in more detail in later sections of this thesis. Also, they will change with revised 
system constraints, like improvements in the FC development allowing for higher operation 
temperatures. 
2.3 System Study of a MH-RFCS for Telecommunication 
Satellites 
2.3.1 Overview 
In cooperation with Thales Alenia Space, CMR Prototech lead a system study [39] assessing 
the performance of a MH-RFCS on system level, depending on various operational parameters. 
This study, which is summarized briefly in this section serves as the basis to define development 
targets of the MH tank. 
2.3.2 RFCS Requirement Specification for Telecommunication Satellites 
There are two major European platforms that can be considered when deriving requirements 
for future telecommunication satellites: Alphabus (13kW-26kW) and Terrasat (38kW). 
Table 2-1 and Table 2-2 as well as the following paragraphs summarize the requirements of 
these platforms for the secondary power system, as provided by Thales Alenia Space [39]. 
Table 2-1 Alphabus RFCS solicitation profile summary [39] 
Phases 
Required 
power demand 
in discharge 
Charge / 
discharge 
cycles number 
Discharge 
duration per 
cycle 
Phase 
duration 
Recharge 
current 
Ground 
after RFCS 
Delivery 
Review Board 
Max power at 
required energy 
< 50  7 years 
to have charge 
duration <20h 
Launch 
500 W 
 
1 
 
< 6h (TBC) <6h (TBC) 
Before launch: 
15 A max 
Transfer 
 
< 4000 W < 20 
1 h 30 discharge 
– 4 h 30 rest – 
30 min 
discharge – 5 h 
30 rest 
7 days 
to have charge 
duration <20h 
Eclipses 
From 13 to 26 
kW 
1380 
Variable 
discharge 
duration, up to 
70 minutes 
15 years 
 
to have charge 
duration <20h 
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Table 2-2 Terrasat RFCS solicitation profile summary [39] 
Phases 
Required 
power demand 
in discharge 
Charge / 
discharge 
cycles number 
Discharge 
duration per 
cycle 
Phase 
duration 
Recharge 
current 
Ground 
after RFCS 
Delivery 
Review Board 
Max power at 
required energy 
< 50  7 years 
to have charge 
duration <20h 
Launch TBD 1 < 6h (TBC) <6h (TBC) 
Before launch: 
15 A max 
Transfer 
 
Up to max 
power 
< TBD 
1 h 30 discharge 
– 4 h 30 rest – 
30 min 
discharge – 5 h 
30 rest 
7 days 
to have charge 
duration <20h 
Eclipses <39 kW 1380 
Variable 
discharge 
duration, up to 
70 minutes 
15 years 
 
to have charge 
duration <20h 
The target performance of a RFCS is derived from a battery cell of 250 Wh/kg and 80% DoD, 
resulting in a storage capacity of 200 Wh/kg. To reach such a storage capacity with Li-ion 
batteries, essentially all additional elements forming the stack are eliminated from the battery, 
thus this number represent a theoretical limit for Li-ion batteries. 
The RFCS targets are set as a 30% improvement from these 200 Wh/kg, ending up with 60 kg 
for a 13 kW RFCS, 120 kg for a 25 kW RFCS and 180 kg for a 39 kW RFCS, or 250 Wh/kg. 
The new target thus represents an improvement from an absolute upper limit for the Lithium 
ion battery technology. 
Other requirements which are also implemented in this analysis are the requirement of full 
availability during transfer and excess reactant storage capacity of 25%. The first requirement 
implies that the Helium tanks are not available for storage, a concept that had been included in 
previous studies. The second requirement means a slight increase of mass due to more reactants 
and larger tanks. 
2.3.3 System Design 
Figure 2-8 shows the simplified flow scheme of the MH-RFCS, as designed by CMR Prototech 
[39]. Its main components are shown as well as the mass flow of the reactants. The cooling loop 
represents the thermal coupling between the FC and the MH tank. An additional radiator is 
included in the cooling loop to account for the FC dissipation heat that cannot be stored in the 
MH. Also, it is note-worthy that a component was added to the H2-loop that is drying the 
hydrogen between the electrolyser and the MH material. The effect of water contamination on 
the MH material will be discussed in more detail in section 3.5. 
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Figure 2-8 Generic flow scheme of the MH-RFCS [39] 
2.3.4 Mass Budget Estimations  
In a detailed system study [39] lead by CMR Prototech, all components were analysed to 
identify their impact on the system. Two cases were established within this analysis. The base 
case assumes to mainly use existing technology or technology which is expected to be available 
within the development process, with only limited modifications for space optimisation. 
However, to realize the full potential of the technology, all elements should be optimised to 
reduce the system mass. Therefore, an optimized case was established, by assuming reasonable 
improvements in performance for all components. 
The following sections summarize the outcome of this system study [39]. 
2.3.4.1 Base Case 
The mass budget and component distribution for the base case are shown in Table 2-3 and 
Figure 2-9. The calculated power densities are 150 Wh/kg for the smallest system increasing to 
199 Wh/kg for the largest system. 199 Wh/kg equal the ultimate potential for Lithium ion 
batteries. However, since a RFCS must imply a significant improvement compared to batteries, 
the target of 260 Wh/kg is not reached. Thus, further optimisation of system components are 
required to reach this target [39]. 
  
High temperature radiator 
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Table 2-3 Mass budget for base case [39] 
RFC Power 13 kW 26 kW 39 kW 
FC 13.0 26.0 39.0 
Condenser 16.5 33.0 49.5 
Electrolyser 1.5 2.9 4.4 
Reactants (kg) 7.3 14.6 21.8 
MH 10.3 20.7 31.0 
O2 tank 4.0 8.1 12.1 
MH tank 6.3 12.5 18.8 
Solar arrays 6.8 13.6 20.4 
Valves fittings, pumps etc. 38.7 38.7 38.7 
Sum (kg) 103.4 168.1 232.8 
Power density (Wh/kg) 149.5 183.5 198.5 
Compared to battery limit 75% 92% 99% 
Compared to performance target 58% 71% 76% 
 
 
Figure 2-9 Mass of the MH-RFCS for a 13kW, 26 kW and 39 kW platform. All values are given 
in kg. The mass of a battery system utilizing the theoretical maximum of a Li-Ion battery 
(200Wh/kg) is shown, as well as the target mass of the MH-RFCS. 
Figure 2-10 and Figure 2-11 show how the mass distributes on different components. The 
reactants and reactant storage constitute 34% of the system, the FC and electrolyser 19%, the 
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condenser 21% while the rest of the system (including solar arrays) constitute 26%. Thus there 
is no component that represents a disproportional part of the system mass, as has been seen 
previously in the RFCS without the MH material. Consequently, all components must be 
evaluated for further optimisation, beginning with the heaviest component, the condenser. 
 
Figure 2-10 Mass distribution for the Base Case of a 39 kW System 
 
Figure 2-11 Contribution of the individual components to the total system mass, and evolution 
over the electrical power 
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2.3.4.2 Optimized Case 
As already discussed, each component is expected to be subject to further improvements within 
the next ten years. The major optimization steps anticipated in the system study are summarized 
below [39]: 
Increasing O2/H2O pressure and condenser temperature 
In the base case, the FC operates at 210°C providing heat to the MH at about 190°C. From the 
assumption of that the MH needs 170°C to provide 1 bar, the hydrogen pressure is limited to 
2.1 bar. Since the pressure here is the same for both H2 and O2/H2O the condensation will take 
place at 100°C, giving an estimated mass of 49.5 kg. By improving the support structure of the 
FC membranes, they should easily be able to withstand pressure differences up to 10 bar and 
the pressure on the O2 side of the FC can be increased independent of the pressure generated 
by the MH. The main consequence of this improvement is to increase the condenser temperature 
up to 153°C, reducing the mass of the condenser by 45% to 27.2 kg. Further impact will be 
increased flexibility in optimising FC operation temperature or MH material, alternatively 
increase the temperature difference in the heat transfer loop, reducing the mass of the heat 
exchanger. On the other side, the low pressure on the hydrogen side makes it difficult to purge 
H2O impurities from the H2 side into the oxygen, meaning that a circulation loop on the 
hydrogen can be a consequence. Only the reduced condenser mass is implemented in the 
optimisation. The power density for the 39 kW RFCS is thus increased to 219 Wh/kg. 
Low pressure Metal Hydride storage 
Regarding the MH, a high pressure vessel around the MH is assumed in the base case. By 
reducing the design pressure of the tank from 150 to 50 bar (or lower), the tank mass should be 
reduced significantly. The only requirement is that the MH can be filled at these low pressures. 
Improved Metal Hydride storage material 
By selecting a MH material with higher storage capacity, a further improvement is foreseen. If 
also the need of extra MH can be reduced from 10% to 2%, by improved H2 purification a 
further reduction is possible. 
General mass reduction 
To reach the target of 260 Wh/kg, further component optimisation is still required. In the system 
study [39], there were given outlines for 30% mass reduction by space related component 
optimisation of the auxiliary components, solar arrays, FC and condenser without reducing 
performance. The results of these reductions are given in Table 2-4. 
Table 2-4 Mass budget, other components for the 39 kW system [39] 
Component Old mass [kg] New Mass [kg] Mass reduction [kg] 
Auxiliary 
components 
38.7 27.1 11.6 
FC 39 27.9 11.7 
Solar arrays 20.4 14.3 6.1 
Condenser 27.7 19.4 8.3 
Total 125.8 88.1 37.7 
If half of the mass reduction can be realized the power density reaches 262 Wh/kg, if the full 
mass reduction can be realized the powder density reaches 290 Wh/kg for the largest satellite 
platform. Both these numbers exceed the target of 260 Wh/kg. Figure 2-13 shows that the target 
of 260 Wh/kg can be reached for both 26 and 39 kW systems, even without full realization of 
all optimisation alternatives. The 13 kW system ends at 220 Wh/kg, which is 10% better than 
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the upper battery limit of 200 Wh/kg. The two most important improvements in the optimisation 
process are the increase in condensation temperature from 102 to 153°C due to the 10 bar 
pressure difference across the membrane and the increased power density of the FC. The mass 
distribution of the fully optimised system is presented in Figure 2-12. The total system mass 
has been reduced with 32% and most components represent close to the same part of the system 
mass as they did before the optimisation. This means that all components contributed to the 
system improvements. The exception is the reactant mass which is unchanged [39]. Figure 2-13 
shows a performance comparison between the base case and the optimized case. 
 
Figure 2-12 Mass distribution after optimisation 
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Figure 2-13 comparison between the base case and the optimized case. All values are given in 
kg and calculated for a 39 kW system. 
2.3.5 Conclusions of the System Study 
In the system study of the MH-RFCS, the following conclusions were drawn [39]: 
All elements for the actual system were analysed and no no-go elements were identified. The 
base case is built mostly on tested technology which is under development for terrestrial 
application, even if several elements are on a low Technology Readiness Level (TRL). The 
future improvements case assumes some more development of the technology specific to space 
applications. The key element to a full system reaching the mass targets is FC operation at high 
temperature and high cell voltage, MH material with high heat storage capacity and high 
temperature on the condenser radiator resulting from a 10 bar O2/H2O loop. 
The calculation showed that the RFCS can contribute with a significant mass reduction to the 
energy storage system for the largest telecom satellite platforms, with power density up to 
290 Wh/kg for a 39 kW RFCS. This is far more than the theoretical maximum of currently 
known battery technology, around 200 Wh/kg. Feasible solution for water treatment, both for 
condensing and separating water from the O2 stream and for cleaning the produced hydrogen 
for avoiding oxidising the MH were also described. 
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In order to achieve these targets, however several technological improvements have to be 
realized. 
2.3.5.1 The Fuel Cell 
To actually be able to realize the RFCS within the calculated mass targets there are several key 
issues in the technology that has to be addressed. The most important is to improve FC 
performance, both in respect to efficiency, power density and increased operation temperature. 
Especially important is to redesign electrodes or interconnects for supporting a 10 bars pressure 
difference across the membrane. This makes it possible to increase condensation temperature 
and thus also reduce the size. Most of these elements are also driven by technology development 
for terrestrial application, the only issue that is only valid for space is to increase FC efficiency 
by increasing the loading of precious metals in the electrodes. 
2.3.5.2 High Pressure Electrolyser 
The second most important element is to develop an efficient high pressure electrolyser. The 
oxygen has to be stored at high pressures and high pressure hydrogen is probably the most 
efficient method to remove water impurities ahead of the MH material. A high pressure pump 
for pressurising the water feed is also required to produce oxygen at high pressure, while the 
hydrogen can be further compressed by implementing the principles of electrochemical 
hydrogen compression. The electrolyser does also need significantly lower degradation rates. 
While the FC operation is estimated to around 1200 hours, the electrolyser can operate up to 
20 000 hours. 
2.3.5.3 Metal Hydride Material and Storage 
The third most important element is the MH material and storage. Identification and 
characterisation of MH materials with an enthalpy ≥ 65 kJ/mol, high storage capacity and 
dehydrogenation temperature below the FC operating temperature is required. In addition to 
these basic properties, also the kinetic behaviour during hydrogenation and tolerance for water 
impurities must be explored. If the MH material can be hydrogenated at low pressures, the mass 
of the tank can be reduced. A low mass heat exchanger within the MH tank is also required. 
Finally the MH material must be evaluated against an additional deployable high temperature 
radiator. 
2.3.5.4 Other Component Developments 
To reach the final target of power density of 250 Wh/kg, all components should contribute to 
mass reduction. Some elements can be expected due to parallel technology development, such 
as more efficient solar panels based on thin films. There are also at least three places where 
liquid water should be removed from the gas streams. This can be done efficiently by electro-
osmotic pumps with almost no mass. A closer study on the circulation pumps and pressure 
reducers, as well as the control system is also required, including a review of the redundancy in 
the system. 
2.4 Development Targets of the Metal Hydride Tank 
The metal hydride tank in the MH-RFCS acts as a hydrogen and heat storage system. From the 
conclusions of the system, it can be seen that the amount of heat that can be stored is even more 
critical to the overall system performance than its hydrogen storage capacity. It therefore has to 
be seen as an intrinsic part of the thermal control system as well as the  hydrogen system. An 
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optimized metal hydride tank should therefore be able to activate the metal-hydrogen reaction 
as fast as possible so that the amount of heat stored in the tank is determined by the hydrogen 
consumption from the fuel cell as well as the enthalpy of reaction of the dehydrogenation, and 
not limited by thermal transport phenomena within the tank. This way, a direct coupling 
between the fuel cell and the MH tank can be achieved without additional buffer systems. 
From this argument, one can see that the performance of an optimized MH tank depends on two 
independent factors. First, the metal hydride itself has to be selected in a way that its 
performance matches the fuel cell and electrolyser operating parameters. This is true in terms 
of hydrogenation and dehydrogenation pressures and temperatures, as well as reaction 
enthalpies and kinetics. Second, the tank technology has to be optimized in a way that this 
material performance can be utilized by the overall system, taking into account all the 
restrictions that come from the implementation in a spacecraft. This optimization of the tank 
technology is the main focus of this thesis. 
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3 Metal Hydride Material Selection and Characterization 
In this section, the choice of MH materials as well as its impact on the tank performance will 
be discussed and several high performance candidates will be introduced. Furthermore, the 
choice of sodium alanate as model material for the tank optimization will be justified, followed 
by a detailed characterization of this material.  
3.1 Impact of Metal Hydride Materials Properties on the System 
Performance 
There are several material properties of the MH that have an influence on the overall 
performance of the RFCS system. The most important parameters are the enthalpy of 
decomposition Hd, the desorption temperature and the gravimetric storage density. Other 
important parameters are the volumetric storage density, the equilibrium pressure at the FC 
operating temperature and the hydrogenation pressure and temperature. 
The enthalpy of decomposition Hd is the amount of heat necessary to release 1 mol of 
hydrogen from the MH material. The target value for choosing a MH material is therefore 
determined by the efficiency of the FC, giving the amount of heat dissipated at the consumption 
of 1 mol hydrogen.  
The desorption temperature is the temperature level that is required in the tank in order to 
release hydrogen. This temperature needs to be lower than the FC operating temperature, at 
least by the amount of temperature drop between the heat exchanger inlet and the coldest part 
of the MH tank. 
The gravimetric storage density is the ratio between stored hydrogen and MH material. It has a 
direct impact on the mass budget and therefore should be as high as possible. 
From current system targets, representing the current state of development of the RFCS, 
requirements for a high performance MH can be formulated. Those requirements demand for a 
enthalpy of decomposition Hd of ~60-70 kJ per mol H2 and a reversible storage capacity of up 
to 10 wt% H2 at a desorption temperature below 190°C. There is currently no material with 
these characteristics, one of the reasons being that such material would be considered having 
disadvantageous thermal properties for most terrestrial applications where decomposition 
enthalpies are sought to be as low as possible. 
Nevertheless, latest findings in material research can be combined in order to discuss the 
customization of a material to meet those targets. This is described in more detail in the next 
section. 
3.2 Potentially High Performance Metal Hydride Materials 
The demand for a storage material with high gravimetric hydrogen content (6 – 10 wt%) 
requires that the material is in bulk composed of elements that are located at the upper left of 
the periodic table. Qualifying hydride-forming elements are lithium, magnesium, boron and 
nitrogen. There was notable recent progress in composite materials based on magnesium 
hydride, the other component being either lithium amide or lithium borohydride. 
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3.2.1 Mg-Nb-H system 
Mitlin reported in 2013 [40] a ternary magnesium-niobium hydrogen system with the 
composition (Mg0.75Nb0.25)H2 that has a Hd of 53 kJ per mol H2 and a reversible hydrogen 
storage capacity of 4 wt%. released at 175°C within one hour. 
These findings can be adjusted to the RFCS system requirements. This is done by blending 
(Mg0.75Nb0.25)H2 with pure MgH2 (Hd 77 kJ/mol H2). Assuming a linear relation as a first 
approximation, an equimolar ratio of (Mg0.75Nb0.25)H2 and MgH2 is expected to have a Hd of 
65 kJ per mol H2, yet experimental validation is necessary. This modified system would have a 
lower Niobium content of 12.5 at.% and a nominal storage capacity of 5.7 wt% H2. 
In order to increase the gravimetric storage capacity of such optimized Magnesium hydride 
material to 10 wt% or even beyond, the addition of a high hydrogen content materials like 
LiBH4 and LiNH2 would be necessary. 
3.2.2 Li-Mg-B-H system 
A mixture of LiBH4 and magnesium hydride in a 2:1 molar ratio has a nominal hydrogen 
capacity of 11.4 wt% and is a well-investigated, but too stable system. There is a notable recent 
work of Wang et al. [41]. They found that doping this system with 4 at.% Nb2O5 had a 
tremendous catalytic effect on dehydrogenation kinetics. However, the system is still operating 
reversibly at temperatures between 350 and 400°C. Hanada et al. [42] had observed the 
favourable influence of niobium oxide dopants in MgH2 systems before. These findings 
correspond perfectly with an application of a MH composite on the basis of a magnesium 
hydride material with high niobium content. 
The first step is the addition of 10% LiBH4 to the optimized magnesium hydride material. This 
concentration was found in 2013 by Pan et al. [43] to have a favourable influence on MgH2 
decomposition while higher LiBH4 proportions have a slight adverse effect. This early 
LiBH4/MgH2(mod) system has roughly a nominal storage capacity between 6 and 7 wt% 
hydrogen, depending on the MgH2(mod) composition. Subsequent, the proportion of LiBH4 in 
the catalysed quaternary system has to be increased to the amount required for meeting the 
desired storage capacity. Depending on the content of modificators present in MgH2, 
approximately 25 to 30% LiBH4 are needed to meet the target of 10 wt% storage capacity. 
3.2.3 Li-Mg-N-H system 
Other promising materials exist in the Li-Mg-N-H system. Depending on the composition, the 
storage capacity is between ~5 wt% for a 2:1 System of LiH and Mg(NH2)2 up to ~8 wt% for a 
1:1 mixture of LiNH2 and MgH2. Important work on Li-Mg-N-H systems was done by Lu et al. 
[44]. They investigated the storage properties of the ternary phase LiMgN (LiNH2/MgH21:1). 
This material (doped with 4 wt% TiCl3) was shown to absorb about 8 wt% of hydrogen after 6 
hours at 160°C and 2000 psi (138 bar) hydrogen. Upon heating to 240°C, about 7.9 wt% 
hydrogen are released. The use of Nb-(Ga-Hg) modified magnesium hydride instead of pristine 
MgH2 could lead to a substantially lower desorption temperature because of the improvements 
made at the magnesium hydride level. 
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3.3 Material Selection for Technology Demonstration 
As discussed above, the choice of material for a MH tank highly depends on the requirements 
given by the application, like for example the temperature levels of the waste heat that is to be 
stored in the material. The complex MH sodium alanate was chosen to be the best suitable 
material to demonstrate the capabilities of the technology on a laboratory scale. This choice is 
mainly driven by the high level of understanding of this material. As complex light MH, it 
combines relatively low desorption temperatures (<150°C, compatible with the current state of 
development of the FC) with reasonable gravimetric storage capacity (3-4 wt%). Several 
material systems with better performance were identified in section 3.2, but none is as well 
characterized as sodium alanate. Therefore, sodium alanate is the most reasonable choice, in 
order to clearly link test results to technological advancements rather than newly found material 
properties. This is especially true since the technological challenges of the tank described in 
this thesis are mainly independent of the material choice. Nevertheless, it is important to 
understand the impact of the material choice on the overall performance of the tank. 
3.4 Sodium Alanate as Complex Metal Hydride 
The complex MH sodium alanate (NaAlH4), doped with 2% to 4% of TiCl was chosen to 
address the technological issues related to the use of MH tanks on telecommunication satellites. 
One of the reasons for this choice is that the main physical properties of sodium alanate are well 
documented in literature [37], [45]–[48]. Another one being that with desorption temperatures 
for 5.6 wt% of hydrogen below 150°C and full reversibility of the chemical reaction [34], it 
falls well within the boundary conditions of the high temperature PEMFC that is the baseline 
for the MH-RFCS. 
3.4.1 Material Properties of Sodium Alanate 
Table 3-1 summarizes the material properties of sodium alanate [1]. 
Table 3-1 Material properties of NaAlH4
 [1] 
Molar Weight [g/mol] 54 
Density (Crystalline) [g/cm³] 1.27 
Density (Powder) [g/cm³] 0.45-0.9 
Grain Size (from precipitation) [µm] 50 ± 25 
Grain Size (from pentane precipitation) [µm] 10-20 
Grain Size (THF) [µm] 5-10 
Grain Size (Ball milling) [µm] 100-150 
Surface (from precipitation) [m²/g] 0.8 
Surface (from pentane precipitation) [m²/g] 2.5 
Heat of Fusion [kJ/mol] -183.504 
Load (1. Step) [wt%] 3.7 
Load (2. Step) [wt%] 1.85 
Load (3. Step) [wt%] 1.85 
Load (1-3. Step) [wt%] 7.4 
Load (1-2. Step) [wt%] 5.55 
3.4.1.1 Verification of the high Cycling Stability 
In order to verify the purity of the material as well as measure the cyclic stability of the material, 
x-ray diffraction measurements were performed in the frame of the master thesis preceding this 
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work [1] at the Institute of structural chemistry at the Technical University of Vienna. Figure 
3-1 shows the test facility with the sodium alanate sample. 
 
Figure 3-1 Siemens X’Pert XRD test facility at the Technical University of Vienna [1] 
An automated cycling of 200 loadings was performed with absorption / desorption time of 
approximately one hour and a temperature of slightly above 150°C [1]. Probes were taken after 
1, 5, 10, 100 and 200 cycles and a diffractogram was measured. Figure 3-2 shows the results 
after 5, 100 and 200 cycles. The fact, that the change in the spectra after 5 and 200 cycles is 
negligible, shows the high reversibility of the hydrogenation reaction. More details of this 
investigation can be found in the corresponding thesis [1]. 
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Figure 3-2 X-ray diffractogram of sodium alanate after 5, 100 and 200 loading cycles [1]. 
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3.4.1.2 The Dehydrogenation Reaction 
Sodium alanate can theoretically release 7.4 wt% of hydrogen in a three step reaction from 
NaAlH4 to Na + Al + 2H2. 
Starting point of this reaction is NaAlH4, shown in Figure 3-3 and further referred to as -phase. 
In the first step of the reaction, NaAlH4 reacts to Na3AlH6 theoretically releasing 3.7 wt% of 
hydrogen. This intermediate phase will further be referred to as β-phase. 
 𝑁𝑎𝐴𝑙𝐻4 ↔
1
3
𝑁𝑎3𝐴𝑙𝐻6 +
2
3
𝐴𝑙 + 𝐻2 ↑ 3.1 
In Figure 3-4 the changed morphology of the hydride can be seen, now mainly consisting of the 
β-phase Na3AlH6. 
The next step dissolves to NaH, Al and H2 releasing an additional 1.85 wt% of hydrogen. 
 
1
3
𝑁𝑎3𝐴𝑙𝐻6 +
2
3
𝐴𝑙 ↔ 𝑁𝑎𝐻 + 𝐴𝑙 +
1
2
𝐻2 ↑ 3.2 
In Figure 3-5, one can see that the macroscopic crystal structure is lost. Only NaH- and Al-
powder are present. 
The third reaction step, the dissipation of NaH to Na and ½ H2 requires high temperatures of 
about 400°C which are exceeding the operating temperature of the high temperature PEMFC. 
Limiting the desorption reaction to the first two steps of the reaction effectively reduces the 
theoretical hydrogen capacity to 5.55 wt%, but the desorption temperatures for this two-step 
reaction lies below 150°C. 
 
Figure 3-3 Morphology of NaAlH4 (-phase) [33] 
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Figure 3-4 Morphology of Na3AlH6 (β-phase) [33] 
 
Figure 3-5 Morphology of NaH+Al (α-phase) [33] 
3.4.1.3 Phase Diagram and Thermodynamic Properties 
Figure 3-6 shows the phase diagram of the three phases of sodium alanate. Note, that when 
scaling the enthalpies to the amount of hydrogen released, the enthalpy of reaction for the phase 
transition from - to α-phase becomes 40.33 kJ/mol H2. 
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Figure 3-6 Phase diagram of sodium alanate [34] 
Figure 3-7 shows the pressure-composition isotherms and Figure 3-8 the Van't Hoff plot of Ti-
doped sodium alanate as measured by Bogdanovic et al [34]. 
 
Figure 3-7 Pressure-composition isotherms for Ti-doped NaAlH4 for different temperatures 
[34]. 
α 
β
α
 
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Figure 3-8 Van't Hoff plot of the two step reversible dissociation of Ti-doped NaAlH4 [34] 
3.4.1.4 Thermal Properties 
The thermal conductivity of pure sodium alanate in vacuum is very low (<0.01 W/m K) [1]. As 
a result of the Knudsen effect [49], the thermal conductivity increases dramatically with higher 
gas pressures. Among others [49], [50], Dedrick et al. [51] measured the thermal conductivity 
of all phases of the sodium alanate system over a broad regime of hydrogen pressures as can be 
seen in Figure 3-9. 
 
Figure 3-9 Thermal conductivity for the three phases of sodium alanate [51] 
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The experimental fits for the three phases are given below [51]. 
 𝜆𝑁𝑎𝐻+𝐴𝑙 [
W
mK
] = 0.068 log(𝑝𝐻[𝑏𝑎𝑟]) + 0.71 3.3 
 𝜆𝑁𝑎3𝐴𝑙𝐻6 [
W
mK
] = 0.061 log(𝑝𝐻[𝑏𝑎𝑟]) + 0.50 3.4 
 𝜆𝑁𝑎𝐴𝑙𝐻4 [
W
mK
] = 0.037 log(𝑝𝐻[𝑏𝑎𝑟]) + 0.51 3.5 
3.4.2 Effects of Doping 
The height of the energy barrier in the Lennard-Jones potential (see Figure 2-1) depends on the 
surface elements involved [32]. The reaction kinetics of MHs, as well as the reversibility of the 
hydrogenation reaction can therefore be altered by doping the raw material with small amounts 
of other metals working for among other effects as catalysts for the dissociation of hydrogen 
near the surface of a doped particle [52]–[55]. For sodium alanate, good performance could be 
accomplished by adding 2% TiCl to the material during the high energy ball milling process in 
which the mixture is milled to a nanopowder, maximising its surface [52], [53]. 
3.5 Measuring the Effect of Water Contamination in the 
Hydrogen Cycle 
3.5.1 Theoretical Assessment 
The most likely contamination effect is the oxidation of Al and NaH in the unloaded MH state. 
The corresponding reactions are 
 2𝑁𝑎𝐻 +𝐻2𝑂 → 𝑁𝑎2𝑂 + 2𝐻2 3.6 
 2𝐴𝑙 + 3𝐻2𝑂 → 𝐴𝑙2𝑂3 + 3𝐻2 3.7 
For the reactants, the following standard molar enthalpies and entropies can be found 
Table 3-2 Molar enthalpies and entropies for the reactants of the sodium alanate oxidation 
 dH 
[kJ/mol] 
dS 
[kJ/molK] 
dG0 
[kJ/mol] 
H2O -241.8 1.89E-01 -322 
NaH -56 4.00E-02 -73 
Na2O -414.2 7.51E-02 -446 
Al2O3 -1675.7 5.09E-02 -1697 
H2 0 1.31E-01 -55 
Approximating the Gibbs free energy of the two reactions with 
 Δ𝐺𝑟
0 = Δ𝐻𝑓
0 − 𝑇Δ𝑆0 3.8 
gets -89 kJ/mol for the NaH oxidation and -898 kJ/mol for the Al oxidation (at 150°C). We can 
therefore assume that both reactions will occur spontaneously, but the Aluminium oxidation is 
much faster and thus much more likely. 
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We therefore define the stoichiometric worst case, where only Aluminium is oxidized with all 
the water in the hydrogen gas and a best case, where 25% of the water oxidizes NaH and 75% 
oxidizes Al. 
We further assume a maximum contamination of 1 wt% water vapour in the hydrogen gas, 
which calculates to  
1𝑔𝐻2𝑂
100𝑔𝐻2
∙
2
𝑔
𝑚𝑜𝑙 𝐻2
18
𝑔
𝑚𝑜𝑙 𝐻2𝑂
≅ 0.001
𝑚𝑜𝑙𝐻2𝑂
𝑚𝑜𝑙𝐻2
 
We can now directly estimate that we expect to lose ~0.11% MH material during each loading 
cycle (in this worst case). 
Figure 3-10 shows the material loss for this theoretical worst case assumption and the different 
ratios of the two oxidation reactions. Figure 3-11 shows the sensitivity of the calculation to the 
made assumptions. If only 50% of the water vapour reacts with the MH, the material loss 
decreases significantly. The same result is achieved, if only 0.5 wt% water are in the hydrogen 
gas, but all of it reacts with the MH. 
XRD measurement after the test campaign (for example after 200 cycles) can determine the 
ratio and amount of the two oxides Na2O and Al2O3. From this, it is possible to calculate the 
percentage of water that was reacting with the MH and further extrapolate the material loss over 
the lifetime of the tank system. 
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Figure 3-10 Worst case material loss in the MH due to oxidation 
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Figure 3-11 Material loss in the MH due to oxidation at 50% reaction efficiency 
Figure 3-12 shows the sensitivity of the material loss on the wt% of water in the hydrogen gas. 
The given results are again theoretical worst case limits. 
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Figure 3-12 Worst case material loss as function of the water contamination 
Although the actual reaction rates of the oxidation reaction will be determined by this test, one 
can already see, that if 100% of the water vapour in the hydrogen gas reacts with the MH, 1wt% 
of water results in 50% material loss. This would mean that the water would have to be 
prevented from reacting with the MH by drying the hydrogen gas. 
It is important to keep in mind, that this worst case assessment assumes that the water vapour 
not only reaches the MH (through all filters) but also reacts with the hydrides completely. 
The outcome of the experiment has to show whether measures to dry the hydrogen gas before 
reaching the MH have to be taken or not. One mitigation of this problem might be that the filter, 
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preventing the MH powder from entering the gas cycle, could be designed to also provide a 
very effective barrier for the water vapour, but the resulting pressure drop at the filter has to be 
considered. 
3.5.2 Test Facility Design 
3.5.2.1 Concept 
To realize determined water contamination on the gas flow to the MH, an exactly measured 
amount of water was put into a large gas storage vessel and mixed with hydrogen at 
temperatures well above 100°C and a pressure of about 150 bar (see left side of Figure 3-13). 
This mixture was then used to perform automated hydrogenation and dehydrogenation cycles. 
At every cycle, a small amount of gas from the storage vessel was used to pressurize the reaction 
chamber with the MH probe material inside to about 80 bar (see middle section of Figure 3-13). 
The reaction chamber was closed and the pressure drop within the tank showed the hydrogen 
absorption by the MH material. The pressure was then released to another previously evacuated 
pressure vessel resulting in pressures about 1 bar and the increase in pressure was monitored 
(see right side of Figure 3-13). From the measured pressures and the calibrated volumes of the 
chambers, the desorption rate and storage capacity of the stored hydrogen can be calculated. 
 
Figure 3-13 Measurement principle 
3.5.2.2 Experiment Design 
Metal Hydride Reaction Chamber 
The MH reaction chamber must fulfil all requirements for the hydrogen adsorption and 
desorption process. This requires temperatures up to 400 K and pressures above 80 bar. 
NaAlH4 Filling 
NaAlH4 is volatile in contact with steam in the air. Therefore the reaction chamber has to be 
manufactured and assembled before the filling process which has to take place under isolated 
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conditions. Thus it needs to be possible to seal the chamber and decouple it from the test facility 
for the filling process. 
Hydrogen Feeding 
The hydrogen feeding needs to fulfil two main criteria 
• MH material within the chamber must be prevented from entering the hydrogen 
system of the test facility 
• It needs to be possible to seal the chamber when disconnecting it from the rest of the 
test facility (for example when changing MH samples 
Those two goals are achieved by connecting a µm-filter and a ball vent between the chamber 
and the connection to the test facility in a way that the ball vent seals the chamber and the 
connected filter from surrounding air when disconnected. 
Measurement of the Chamber Temperature 
The temperature within the chamber needs to be measured, which is achieved by a 
thermocouple, extending into the MH powder within the chamber. 
Final design of Reaction Chamber 
Taking into account all of the above requirements leads to the design shiwn in Figure 3-14 
 
Figure 3-14 Final design of reaction chamber 
Hydrogen System 
The hydrogen system, shown in Figure 3-15, needs to provide hydrogen with a defined quantity 
of water vapour to the reaction chamber during automated cycling. It therefore needs a large 
Gas Tank (T2) in which hydrogen can be mixed with water of a certain quantity. This can be 
done by pipetting a well-defined amount of water into the water tank (T1) and blowing H2 from 
the H2 support through the water tank (T1) into the vapour mixing tank (T2). V1 to V4 are 
necessary to bypass the water tank once a pressure of about 30 bar is reached in the system in 
order to limit the pressure requirements of the water tank. Note, that in the realization of the 
Gas feeding 
Thermal element connection 
Sample material bed 
Nut for copper seal 
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experiment, V3 is not implemented, as it is redundant with V1. The vapour tank is then 
pressurized to about 120 bar and heated to 150°C, in order to ensure complete vaporization of 
the water. To prevent the water vapour from condensation, the whole hydrogen system, 
including all vents and pipes as well as the reaction chamber are heated to well above 100°C. 
Once the preconditioned gas in the vapour tank is ready, the automated cycles can start, using 
the pneumatic vents CV1, CV2, CV3 and CV4, which are controlled outside of the facility by 
the magnetic valves MV1, MV2, MV3 and MV4. The cycle consists of three volumes, two 
pressure tanks (T3 and T4) before and after the reaction chamber and the reaction chamber 
itself. Since the reaction chamber is always connected to one of the two pressure tanks, it is 
sufficient to measure the pressure within those two tanks, as well as the temperatures in the 
tanks and the reaction chamber. 
 
Figure 3-15 Hydrogen system 
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3.5.3 Test facility Realization 
The experimental test facility was integrated into the hydrogen test facilities at FOTEC. 
 
Figure 2-1: Front view of MH test facility for automated cycling 
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3.5.3.1 Reaction Chamber 
The reaction chamber was manufactured according to the design shown in Figure 3-14. Upper 
and lower part of the chamber are sealed with a copper seal that is renewed after each opening 
of the chamber. To integrate the thermal element directly into the reaction chamber, mantle 
thermocouples are connected to the reaction chamber through Spectite process interfaces with 
Teflon sealing. 
 
Figure 3-16 Upper part of the reaction chamber with hydrogen feeding and thermal element 
Hydrogen feeding / process connection 
Thermocouple descending 
into the powder 
Thermocouple  
Nut for copper seal 
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Figure 3-17 Disassembled reaction chamber. Left: lower part with powder bed; Right: upper 
part with hydrogen feeding and thermal element 
After the final assembly (including hydrogen feeding and thermal elements), the whole reaction 
chamber was tested for leakage with 90 bar of water. In Figure 3-18, one can see the reaction 
chamber with the hydrogen feeding (consisting of a µm filter and the ball valve to seal the 
chamber when disconnected from the facility) as well as the chamber heater. 
Powder bed for MH sample 
Hydrogen feeding 
Thermocouple 
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Figure 3-18 Assembled reaction chamber 
Reaction Chamber 
Heating of the 
reaction chamber 
µm Filter 
Ball valve to seal 
reaction chamber (V6) 
Ball valve to seal 
reaction chamber (V6) 
µm Filter 
Dissertation - A.M. Reissner, 2015 
Metal Hydride Material Selection and Characterization 
 
57 
3.5.3.2 Hydrogen System 
The hydrogen system was realized using Swagelok 6 mm standard components, as shown in 
Figure 3-19. 
 
Figure 3-19 Hydrogen system realization 
Vapour tank 
The vapour tank is a 50 l high pressure steel tank, manufactured to withstand 500 bar of internal 
pressure. it has an opening at each end, where one is used for the hydrogen feeding (see Figure 
3-20) and the other one for the application of pressure and temperature sensor (see Figure 3-21). 
V2 
V4 
V1 (V3) 
Hydrogen support 
Water tank (T1) 
To T2 
From T2 
DR2 
CV1 
CV2 
CV3 
CV4 
T4 
T3 
Connection to reaction chamber 
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Figure 3-20 Hydrogen feeding to and from the vapour tank 
 
Figure 3-21 Sensors measuring the internal conditions of the vapour tank 
H2 from water tank 
H2 to test facility 
Thermocouple 
Pressure Gauge 
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Safety Precautions 
The Hydrogen used in the present experiment is provided in gas tanks stored in a safety locker. 
The pressure within the pressure tanks was limited to 120 bar with a spring vent. Since the 
pressure tank used as vapour tank (T2) is tested for 500 bar, this precaution is not necessary for 
the vapour tank, but the water tank (T1) is limited to 30 bar by another spring vent. Due to the 
possible risk of self-ignition at concentrations above four volume percent in air, the hydrogen 
used during the experiment was not discharged into the laboratory but into an exhaust system. 
This applies for the desorbed hydrogen as well as for any gas relieved from the safety pressure 
valves. Also, calculations showed, that when a leakage occurs in the hydrogen cycle of the 
facility, the hydrogen volume stored in the reaction chamber combined with the one in the 
pressure reservoirs is not enough to reach four volume percent in the laboratories atmosphere. 
3.5.3.3 Temperature Control 
The temperature within the system is controlled by three independent heating systems: One for 
the vapour tank, one for the reaction chamber and another one for the overall process, which 
includes the pressure tanks as well as pipes and vents. 
Temperature control of the vapour tank 
The temperature of the vapour tank is controlled by two heating belts, and measured by two 
thermocouples, one being placed directly underneath one belt (TC4) and the other being placed 
between two loops of the belts (TC5), as shown in Figure 3-22. 
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Figure 3-22 Heating belts on the vapour tank 
The whole tank rests on a wooden construction, and was insulated by a layer of glass fibre wool 
(shown in Figure 3-23) and a top layer insulation (shown in Figure 3-24). 
TC4 
TC5 
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Figure 3-23 Glass fiber wool insulation of the vapour tank. Upper left: Wooden support 
structure 
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Figure 3-24 Top layer insulation of the vapour tank 
Temperature control of the hydrogen system 
The hydrogen system, including all valves and pipes had to be kept well above 100°C, in order 
to prevent condensation in any part of the system. Therefore, the overall system was heated, as 
shown in Figure 3-25, and insulated, using a glass fibre wool, as shown in Figure 3-26 and 
Figure 3-27. Also, the temperatures within the system were monitored on the locations shown 
in Figure 3-25. 
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Figure 3-25 Heating of the hydrogen system 
TC 8 
TC 11 
TC 7 
TC 12 
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Figure 3-26 Thermal insulation of the hydrogen system with a glass fiber wool 
 
Figure 3-27 Thermal insulation of the hydrogen feeding from the vapour tank to the cycling 
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Temperature control of the reaction chamber 
The temperature of the reaction chamber is controlled by an aluminium pot, heated with 
resistive electrical heating elements (Figure 3-28 and Figure 3-29). 
 
Figure 3-28 Heating device for the reaction chamber 
Aluminum 
Structure 
Process connection 
Temperature control TC 10 
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Figure 3-29 Heating device for the reaction chamber (bottom view with heating resistors) 
3.5.3.4 Instrumentation 
Thermal Elements 
For temperature control of the thermal fluid as well as the monitoring of temperatures within 
the reaction chamber, Type K thermal elements were used (Figure 3-30). 
 
Figure 3-30 Typ K thermal element with Spectite process connection 
Temperature control TC 9 
Resistive heaters 
Stands to reduce thermal 
losses 
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Data Acquisition Software 
Within the scope of this thesis, a new data acquisition software was developed, using 
LabView™, allowing to control the parameters of the automated cycling like 
absorption/desorption times, temperatures and pressures, as well as monitor and log all 
temperatures and pressures within the system. A data storage algorithm was developed, that 
stores data only when a change in the measured parameter is detected. Thus, it was possible to 
monitor fast changes between cycles in high resolution while saving disk space during slow 
reaction phases. The software shows all process temperatures and pressures in a process 
diagram (left side of Figure 3-31) and in a time-diagram (lower right side of Figure 3-31). Also, 
the parameters of all three heating cycles described in 3.5.3.3 can be controlled and for each 
heater, it is possible to select the thermal element that is used as reference temperature for the 
control. This is especially important for the heating of the piping where the temperature is 
measured at various locations. All vents can be opened and closed manually directly in the 
process diagram or by the automated cycling control. 
 
Figure 3-31 User interface of the data acquisition software 
3.5.4 Test Sequence  
As already described in section 3.5.2.1, the automated cycling alters two steps: 
• During adsorption, CV1 and CV3 are closed, while CV2 and CV4 are open. Thus, the 
reaction chamber is connected with the previously pressurized tank T3, and the 
pressure within the reaction chamber lies above the equilibrium pressure of the MH, 
enforcing hydrogenation as can be seen by a decrease of the tank pressure within T3. 
• During desorption, CV2 and CV4 are closed, while CV1 and CV3 are opened. This 
way, the pressure tank T3 is pressurized up to 100 bar from the vapour tank (regulated 
by the pressure regulating valve DR2) in preparation of the next absorption cycle. In 
the meantime, the reaction chamber is connected to the previously emptied pressure 
tank T4, the equilibrium pressure of the system is above the actual pressure of the 
chamber and dehydrogenation can be seen by a raise in the tank pressure within T4. 
In the data acquisition software, the length of absorption and desorption cycle can be set 
individually. 
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To quantify the effect of water contamination, the MH material will be cycled with an hydrogen 
atmosphere that is completely dry (without any water contamination) and that is preconditioned 
to contain a certain water contamination. After a representative number of cycles, the material 
is extracted and its composition is measured by powder x-ray diffraction, in order to quantify 
the species and the amount of oxides produced. 
3.5.5 Experimental Realization 
3.5.5.1 NaAlH4 Filling 
As described above, NaAlH4 must be handled in an inert atmosphere only, in order to prevent 
any oxidation with water vapour in the ambient air. Therefore, the reaction chamber was 
introduced into a glove box (see Figure 3-32) and filled with the MH under Nitrogen 
atmosphere, as shown in Figure 3-33. 
 
Figure 3-32 Glove box used to work with the MH material 
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Figure 3-33 NaAlH4 filling in the glove box 
The reaction chamber was measured before and after the filling to determine the mass of the 
inserted MH. 
  
Figure 3-34 Test chamber empty (left) and filled with MH (right) 
Table 3-3 MH mass used for water contamination testing 
 ‘dry’ cycling ‘wet’ cycling 
Mass without MH* 
(see left side of Figure 3-34) 
1406.08g 1399.63g 
Mass with MH 
(see right side of Figure 3-34) 
1415.27g 1404.22g 
Mass of MH** 9.19g 4.59g 
* Mass was measured with copper seal for dry cycling and without copper seal for wet cycling 
** after analysing the results of the dry cycling, the chamber was filled with less material for the wet 
cycling 
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After the filling, the chamber had to be sealed within the glove box to prevent any oxidation of 
the material in ambient air. 
 
Figure 3-35 Closing the reaction chamber in inert atmosphere 
3.5.6 Test Results 
3.5.6.1 Hydrogen Cycling 
The automated cycling showed excellent performance over three weeks of cycling. Figure 3-36 
shows the cycling after 200 hours of operation from cycle 100 to 110. One can see the pressure 
decrease during absorption and the pressure increase during desorption during each cycle. It 
shows the chamber pressure for dry cycling (solid) and wet cycling (dashed). Keeping in mind 
that for the wet cycling only half of the sample mass as for the dry cycling was used, both curves 
start with a similar absorption and desorption behaviour. While during ‘dry’ sampling, the 
kinetics are very stable, one can see a significant decrease in the kinetics during ‘wet’ cycling. 
This is a result of the contamination of the material and the fact that it is clearly visible means, 
that the test facility had been dimensioned correctly. In fact, this is the reason that after analysis 
of the results from ‘dry’ cycling, the sample mass for ‘wet’ cycling was reduced (to increase 
the relative contamination effect). 
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Figure 3-36 Comparison of chamber pressure for ‘dry’ and ‘wet’ cycling 
3.5.6.2 Visual Inspection of Metal Hydride Material after Wet Cycling 
After 200 cycles with hydrogen contaminated with 1 wt% of water vapour, the chamber was 
opened carefully in inert atmosphere. A picture of the partially oxidized material is shown in 
Figure 3-37. All phases of the unoxidized material have the dark colour that can be seen on the 
left side of the chamber, where the thermal element was placed. On the right side, where the 
process connection is located, light grey oxides can clearly be seen. 
From this inspection, it was already visible, that a significant amount of the sample had been 
oxidized, but not all of it. An oxidation of only a small part of the sample would mean that the 
sample is too large to retrieve good quantitative results and an oxidation of 100% of the sample 
would mean that the sample was too small and no quantitative analysis of the oxidation is 
possible. 
Metal Hydrides as Enabling Technology for the use of Hydrogen-Based 
Energy Storage Systems on Telecommunication Satellites 
 
72 
 
Figure 3-37 Partially oxidized MH sample after 200 cycles with contaminated hydrogen 
3.5.6.3 X-ray Powder Diffraction Measurements 
From the cycling tests, three probes were analysed on the test facility described in section 
3.4.1.1 
1. Material from the storage container. This material is as supplied from manufacturing, 
stored at FOTEC for three years. Results from this measurement validate the use of 
this material and the possibility of long time storage, since the material is stored in a 
loaded state. 
2. Material after 250 cycles with pure hydrogen. These results can be compared to 
previous results shown in the previous section, to validate the cycling capabilities of 
the test facility, as well as material properties of the material like kinetics or 
reversibility after long time storage. 
3. Material after 200 cycles with ‘wet’ hydrogen, contaminated with 1 wt% of water 
vapour. From this measurement, the species of formed oxides can be determines as 
well as their quantity within the sample. 
Table 3-4 shows the measurement results of the material after 200cycles with contaminated 
hydrogen (1 wt% water vapour). 
 
Unoxidized material 
Oxidized material 
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Table 3-4 Material composition after 200 cycles ‘wet’ (all results in weight%). 
Component 
Material Composition 
[wt%] 
NaAlH4 4.99±1% 
Na3AlH6 4.35±1% 
Al/Ti* 7.05±1% 
NaH/NaCl* 4.85±1% 
NaAlO2 78.73±1% 
* These two components form with the dopant TiCl 
One can see the formation of the oxide NaAlO2, in a quantity of almost 80% of the sample 
mass. The small grain size of the oxide of only 30 nm shows that the oxidation reaction was 
very fast which corresponds to the analytical expectations. For a sample mass of 4.59 g during 
the ‘wet’ cycling, this means, that 3.67 g of material was lost due to the water contamination. 
Given that we have a hydrogen volume of 130 ml during each cycle, and a water concentration 
of 1 wt%, we add 1.3 mg of water to the reaction chamber during each cycle. From this, we can 
calculate that the material loss due to water contamination is 28.2 mg per 1 m³ of hydrogen gas 
after 200 cycles. Extrapolating this value to 1200 cycles with a hydrogen volume of 60 l, the 
total material loss calculates to 10 kg, which is about 30% material loss over the lifetime of the 
satellite. 
3.5.7 Conclusion 
The effect of water vapour in the hydrogen supply for the complex MH sodium alanate was 
tested, in order to show whether a pre-conditioning of the gas supply to the MH is necessary. 
To achieve this, a test facility was built to perform automated cycling of absorption and 
desorption processes with any arbitrary material. The facility showed very good performance 
and the test campaign could be run without any major complications Also, the good reversibility 
as well as stability of sodium alanate when operated with pure hydrogen could be shown. 
Within the test facility, it is also possible to pre-condition hydrogen gas with a defined 
concentration of water vapour (or any other liquid). The temperature of the whole test facility 
can be controlled by three independent heating cycles to ensure exact thermal conditions within 
the reaction chamber, as well as prevent condensation of the vapour in any part of the facility. 
Results show that 80% of the material sample was oxidized after 200 cycles with hydrogen that 
was contaminated by 1 wt% of water vapour, forming NaAlO2. This percentage shows the good 
dimensioning of the test facility, since sample mass and volumes within the facility have to be 
planned to get significant oxidation results in order to retrieve good quantitative results. On the 
other hand, it is important, that not all the sample is oxidized, since this would make quantitative 
predictions impossible. 
Evaluating these measurements with respect to the current application (that means considering 
the different ratio of MH material to hydrogen volume) leads to the result that 30% of the 
material are expected to be oxidized (and therefore lost) during the lifetime of the satellite (1200 
cycles), assuming unconditioned hydrogen gas from the electrolyser with 1 wt% of water 
vapour concentration. 
On system level, this finding results in a trade-off between adding 30% margin to the MH mass 
or adding a hydrogen drying unit between the electrolyser and the MH tank. The outcome of 
this trade-off will to a large extent depend on the mass and reliability of such a drying unit and 
is not being discussed further in this thesis. 
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3.6 Thermal Conductivity as Rate-Limiting Factor 
In recent years, major emphasis was put on enhancing the (de-)hydrogenation kinetics of MHs 
by producing an ultra-fine microstructure and by intermixing catalytically active species. From 
the viewpoint of hydride-based hydrogen storage tanks, an additional perspective is the 
improvement of the heat transfer characteristics of the commonly granular hydrogen storage 
material, thereby advancing the storage tank’s loading and unloading dynamics. 
MHs exist in hydrogen storage as particles of 10µm diameter; therefore, the hydrogen storage 
vessel is actually a packed bed with an effective thermal conductivity of 1 W/(m K) at most. 
Because hydrogen absorption is an exothermic reaction, this low heat conduction limits the 
absorption rate, thereby leading to a mismatch with the required absorption rate. 
On material side, the main issue in terms of performance of the tank thus lies in the poor thermal 
conductivity of the MH powder. The applicability for hydrogen storage is greatly enhanced by 
mixing the active medium with Expanded Natural Graphite (ENG) and pressing them into 
pellets. The ENG acts as lubricant, allowing for greater compaction, as well as forming veins 
of graphite which greatly enhance thermal transport. The size and shape of pellets can be 
customized to fit many conceivable reactor set-ups, with the only limitation that each pellet 
needs to have a constant axial cross-section. 
The group of Lars Röntsch successfully realized pellets of compacted sodium alanate, 
increasing the thermal conductivity of this material by a factor of 20 to 30 [56], [57]. Also, the 
volumetric storage density could be increased, due to the compression of the material.  
Pellets are formed by mixing the loose powder of the MH with expanded natural graphite 
(ENG) and then applying pressure reaching up to 600 MPa. The main application related 
benefits are an increased effective thermal conductivity and volumetric H2 storages capacity, 
when compared to the powder form. Sufficient gas permeability is maintained for operation in 
a tubular reactor set-up. [56]. Additionally, the pellets are easier to handle, both in the test cell 
and the final set-up. During operation in a microgravity environment a powder would have to 
be contained from the gas outlets, whereas a pellet offers an unobstructed and fixable interaction 
volume for the hydrogen de- and absorption.  
3.6.1 Thermal Properties of Pelletized Sodium Alanate 
An anisotropy in heat conduction is measured between the directions perpendicular and parallel 
to the compression direction. This effect is attributed to graphite veins (see Figure 3-38) which 
form oriented perpendicular to the compression direction. The results in Figure 3-39 highlight 
the strong dependence of thermal conductivity on the amount of ENG while the compression 
pressure seems to only have little effect. [56] 
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Figure 3-38 Micrograph of the LiNH2-MgH2-based pellets with 5wt.% ENG  (arrows indicate 
direction of compression) [56] 
 
Figure 3-39 Radial thermal conductivities of the NaAlH4 –(black) and the LiNH2-MgH2 (grey) 
pellets. [56] 
The values increase from about 2 Wm-1K-1 to 40 Wm-1K-1. The axial value remains at the low 
level of roughly 1 Wm-1K-1. Hydralloy pellets were measured with values up to  
62.8 Wm-1K-1. Mg90Ni10 pellets showed a strong dependence on porosity. 
3.6.2 Volumetric Storage Density 
Calculations [56] reveal the volumetric storage density of pellets to be 74 gH2/l for NaAlH4 and 
81 gH2/l for LiNH2-MgH2 systems. This is a vast increase from calculated powder values of 19 
gH2/l and 18 gH2/l respectively. 
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3.6.3 Gas Permeability 
Compression reduces the pore sizes and hence causes a reduced gas mobility which leads to 
lower permeability. For the Hydralloy pellets [57] values below 1∙10-16 m-2 would become rate 
determining for the overall process. All values measured are above this value and thus sufficient 
to allow fast loading and unloading.  
3.6.4 Pellet Stability 
Initially axial expansion of up to 10% was observed in Hydralloy pellets, which was resolved 
by increasing the porosity. Mechanical stability of the pellets was maintained throughout the 
experiments. The Hydralloy pellets did suffer minor surface deterioration during cycling tests 
as seen from Figure 3-40. [57] 
 
Figure 3-40 Hydralloy-ENG pellets (a) in the as-compacted state, (b) inside the hydrogenation 
clamp and (c) in the dehydrogenated state after 85 cycles. [57] 
Gas permeability and radial thermal conduction approximately halved after 40 cycles, with no 
further reduction observed afterwards. A possible explanation would be that the cyclic internal 
expansion and contraction deteriorates the graphite veins and increases crystallization. The 
values still exceed to the powder by a factor of 20 or more [57]. 
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4 Design and Optimization of the Metal Hydride Tank 
System 
4.1 System Sizing 
In this section, the design of the tank system is optimized for a 39 kW system. The results of 
this optimization are then used to derive a technology demonstrator for a 2 kW system, keeping 
as many of the characteristic lengths from the large-scale design as possible. This means, that 
the 2 kW system is not optimized, but is designed to retrieve representative measurements of 
the behaviour of the large scale tank system. 
The following table summarizes the global design parameter of the 2 kW as well as the 39 kW 
system 
Table 4-1 Global design parameter for the MH tank system 
Power from H2 [kW] 2 39 
Cell voltage [V] 0.90 0.90 
Faradays number [C/mol] 96485 96485 
H2 required [mol/s] 0.0115 0.2245 
Enthalpy of MH [kJ/mol H2] 40.33 40.33 
Heat Stored in MH [kW] 0.46 9.06 
Specific heat of heat transfer fluid [kJ/kgK]* 0.963 0.963 
Thermal Conductivity of HTF [W/mK]* 0.065 0.065 
Delta T [K] 20 20 
Time of desorption [min] 72 72 
mass flow [kg/min] 1.7 33.8 
MH wt% 4% 4% 
MH packing density [g/cm³] 1 1 
Margin** 1.1 1.375 
MH mass [kg] 2.7 66.7 
* Galden HT 230 was used as heat transfer fluid. 
** Margin includes 10% material loss, which is at this point of the project still an assumption. For the 39 
kW system, 25% extra capacity was assumed. It has to be noted, that this is a requirement for battery 
systems, that may not be applicable to an RFCS, since 4 wt% already takes into account that full 
desorption (5.5 wt%) is not possible. 
4.2 Development of an Innovative Heat Exchanger Concept  
4.2.1 Design Concept 
As stated above, the most crucial component of a MH tank is the heat exchanger. It has to 
provide efficient temperature control of the MH material in all operation phases. 
As described in section 3.6, the thermal conductivity of the MH material itself is greatly 
enhanced by mixing it with ENG and pressing them into pellets. The ENG acts as lubricant, 
allowing for greater compaction, as well as forming veins of graphite which greatly enhance 
thermal transport. The size and shape of pellets can be customized to fit many conceivable 
reactor set-ups, with the only limitation that each pellet needs to have a constant axial cross-
section. This limitation results in the fact, that for use with pelletized MH material, the side of 
the heat exchanger that is in contact with the pellets has to be a smooth surface to allow for 
highest possible thermal contact, but also for easy insertion of the pellets. This means that the 
design possibilities are already very limited. The best way to overcome this limitation and to 
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accurately control the heat exchange for a given simple geometry is to introduce internal flow 
channels in the structural element holding the pellets.  
Such innovative heat exchanger solutions had not been possible before, due to limitations in the 
manufacturing process, but can be discussed by introducing selective laser melting technologies 
(3D metal printing). An example of such a novel heat exchanger is shown in Figure 4-1. 
 
Figure 4-1 New heat exchanger concept. By using laser sintering methods (3D-printing of metal 
parts) it becomes possible to introduce completely new heat exchanger concepts like the 
manufacturing of internal flow channels in structural parts.  
The following sections include an analytical comparison of two types of such heat exchangers 
with internal flow channels. Once, the exchanger is in the centre of ring-shaped pellets and the 
other time, the heat exchanger is enclosing the pellets (Figure 4-2). 
 
Figure 4-2 Internal and external heat exchange structure  
4.2.2 Initial Criteria and Design Boundaries 
IF the MH tank is using cylindrical elements with internal flow channels as heat exchanger in 
order to utilize pelletized MH material, those elements can be of arbitrary length and width. 
Also, it is possible to couple the individual elements in series or in parallel regarding the flow 
of the HTF, which has a large impact on the overall pressure drop. Having too many design 
options, the choice was made to fix the tank length to one meter. This means, that a number of 
one meter long cells are coupled in parallel, as shown in Figure 4-3. Thus the mass flow of the 
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HTF is being divided onto the number of cells, while the pressure drop is determined by one 
single cell.  
 
Figure 4-3 Several configurations of parallel cells, all being one meter long  
The following approach was chosen to optimize the tank design.  
1.) Fix the length of the tank to one meter and vary the number of cells in the overall tank  
2.) Divide the mass flow by the number of cells  
3.) Calculate the diameter of one cell, knowing the overall volume of the metal hydride 
material  
4.) Calculate the critical Reynolds number for the given coil diameter of the heat exchanger 
5.) Select a diameter for the tube so that the Reynolds number is 10% above the critical 
Reynolds number, ensuring turbulent flow at all times 
6.) For the selected diameter, calculate the length of the tube that will give the allowed 
pressure drop of 200 mbar. This number is derived from the pressure drop in the fuel 
cell currently developed by CMR Prototech with the rational that both components (FC 
and MH-Tank) should have a similar pressure drop in order to simplify the choice of a 
suitable pumping system. 
7.) Select the pitch of the coiled tube so that the total length calculated above will result in 
a one meter coil 
As a result of this analysis, for every given number of parallel cells, a tube diameter and pitch 
that will ensure turbulent flow is being derived.  
These steps were repeated for three cases with the heat exchanger outside the MH or at two 
different positions within the pellet.  
For each of the resulting combinations of geometrical parameters (further referred to as design 
points), the approximate mass of the tank system was calculated and the effectiveness of 
transferring heat to the MH was simulated.  
In the following, the analysis steps are being described in more detail resulting in an overall 
Trade-Off for the tank design. 
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4.2.3 Sizing of the Tank Cells  
Three configurations were chosen for the analysis. These are shown in Figure 4-4. 
 
Figure 4-4 Heat exchanger positions: left – outside heat exchanger, centre – heat exchanger with 
a diameter that is 2/3 of the tank diameter, right – heat exchanger with half the diameter of the 
tank diameter.  
For a fixed tank length of one meter, the following relation between the number of cells and the 
cell diameter can be obtained. Note, that the cell diameter takes into account the thickness of 
the heat exchanger for the designs with an internal heat exchanger. Since this thickness is 
calculated from the tube diameter optimized at a later stage, an initial value was assumed and 
then iterated. The figure presented here already takes into account this iteration. 
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Figure 4-5 Relation between the outside diameter of one tank cell and the number of such cells.  
4.2.4 Derivation of the Optimum Shape of the Flow Channels  
4.2.4.1 Channel Diameter  
For the current application, the diameter of the coil is a main driver for the design because the 
volume occupied by the pipe reduces the available volume for the pellets. On the other hand, if 
the coil is too tight the critical Reynolds number increases considerably. Experiments suggested 
that the laminar and turbulent flow regimes for flow through curved tubes can be distinguished 
by the following correlation for the critical Reynolds number (Rec):  
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 𝑅𝑒𝑐 = 2100 (1 + 12√
𝐷
𝐷𝑐𝑜𝑖𝑙
) 4.1 
with 
𝐷 =  𝑇𝑢𝑏𝑒 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟   
𝐷𝑐𝑜𝑖𝑙  =  𝐶𝑜𝑖𝑙 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟   
For any Reynolds value 2000<Re<Rec, the flow is considered as transitional.  
Hence the ratio D/Dcoil defines the behaviour of the fluid and acts as a limiting factor for the 
minimum pipe diameter. In other studies however, it is mentioned that turbulent flow occurs 
always for Reynolds numbers bigger than a certain limit, usually from 7000 to 9000. For this 
analysis, the geometry was selected in order to get a Reynolds number 10% higher than Rec 
where the Reynolds number is calculated by 
 𝑅𝑒 =
𝜌𝑉𝐷
𝜇
 4.2 
with 
𝜌 =  𝐷𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑓𝑙𝑢𝑖𝑑    
µ =  𝐷𝑦𝑛𝑎𝑚𝑖𝑐 𝑣𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦   
𝑉 =  𝐴𝑥𝑖𝑎𝑙 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦    
𝐷 =  𝐻𝑦𝑑𝑟𝑎𝑢𝑙𝑖𝑐 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟    
The axial velocity is a direct function of the diameter and the coolant flow rate, which is the 
total flow divided by the number of cells. 
For every design point (varying number of cells for each of the three heat exchanger positions) 
the diameter was chosen so that 
𝑅𝑒 =  1.1 ∙ 𝑅𝑒𝑐 
Thus ensuring turbulent flow at all times. 
4.2.4.2 Adaption to Pressure Drop Limitation  
The pressure drop in a pipe is given by the Darcy–Weisbach equation:  
 Δ𝑝 = 𝑓𝑑
𝐿
𝐷
𝜌𝑉2
2
  4.3 
The friction factor for turbulent flow can be obtained from Moody´s diagram or from the 
Colebrook–White equation for Reynolds numbers bigger than 4000 [58]. 
 
1
√𝑓
= −2 log
10
(
𝜖
𝑑
3.7
+
2.51
𝑅𝑒√𝑓
) 4.4 
where 
𝑓 =  𝑡ℎ𝑒 𝐷𝑎𝑟𝑐𝑦 𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟  
𝑑 =  𝑡ℎ𝑒 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑜𝑓 𝑡ℎ𝑒 𝑝𝑖𝑝𝑒  
𝜖 =  𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑟𝑜𝑢𝑔ℎ𝑛𝑒𝑠𝑠  
The friction factor for the heat exchanger was considered as the average value of top and side 
surface roughness of a cube manufactured by means of laser-sintering. 
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The friction factor has to be modified for a curved pipe.  The friction factor for a coiled tube 
with a relative diameter Dcoil/D > 4 (Dcoil is the coil diameter, D is the tube diameter) is 
calculated as [59] 
 𝑓𝑐 = 𝑓𝑠 + 0.03√
𝐷
𝐷𝑐𝑜𝑖𝑙
 4.5 
The total length of the tube is then given by 
 𝐿 = 𝑁√(𝜋𝐷𝑐𝑜𝑖𝑙)2 + 𝑝2 4.6 
where 
𝑝 =  𝑃𝑖𝑡𝑐ℎ   
𝑁 =  𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑢𝑟𝑛𝑠   
𝐷𝑐𝑜𝑖𝑙  =  𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑜𝑖𝑙   
Since the tank length is known to be one meter, the pitch of the coiled flow channel can be 
calculated from the above equation, setting L to 1m. 
4.2.4.3 Shape of the Flow Channel and Hydrodynamic Diameter  
The derived coil diameter is the hydrodynamic diameter of the flow channel. This parameter 
correlates to the actual shape of the channel like  
 𝑑𝐻  =
4𝐴
𝑠
  4.7 
where 
𝑑𝐻  =  ℎ𝑦𝑑𝑟𝑜𝑑𝑎𝑛𝑎𝑚𝑖𝑐 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟  
𝐴 =  𝐶𝑟𝑜𝑠𝑠-𝑠𝑒𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑐ℎ𝑎𝑛𝑛𝑒𝑙  
𝑆 =  𝑊𝑒𝑡𝑡𝑒𝑑 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑜𝑟 𝑏𝑜𝑟𝑑𝑒𝑟 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑟𝑜𝑠𝑠𝑒𝑐𝑡𝑖𝑜𝑛  
Figure 4-6 shows the cross-sections that were used for the different designs 
  
Figure 4-6 Left: Outside heat exchanger with a half-spherical channel cross-section to ensure 
that the heat transfer to the centre is maximized. Right: Inside heat exchanger with a rectangular 
channel cross-section to ensure that the thermal resistance between the fluid and either side of 
the heat exchanger is minimized 
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4.2.4.4 Results  
Figure 4-7 shows the space needed by one turn of the coil, assuming the cross-section described 
above, plus 0.5 mm wall thickness on either side as well as 4 mm distance to the next turn of 
the coil, in order to leave room for the hydrogen support.  
Also, the pitch that is necessary to maintain 200 mbar pressure drop is plotted. One can see, 
that for low numbers of cells, the pitch is lower that the coil diameter. This is not a possible 
solution, since the pitch needs to be at least as high as the space needed by the flow channel 
itself. In this case, the pitch would have to be higher, resulting in a lower pressure drop than the 
requirement of 200 mbar. On the other hand, this also decreases the area that is available for 
heat transfer and thus reduces the efficiency of the heat exchanger. From this analysis, the best 
solution is assumed to be the number of cells where the space needed for the flow channel (and 
the adjacent H2 channel) is equal to its pitch. The same is shown for the internal heat exchanger 
configurations in Figure 4-7. The points an all figures are marking the design options for which 
thermal simulations were performed later on.  
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Figure 4-7 Coil diameter and pitch for all heat exchanger designs  
4.2.5 Tank Mass Trade-Off  
There are two options to design the pressure vessel around the cylindrical tank segments. On 
the one hand, it is possible to enclose each segment by its own pressure vessel. On the other 
hand, the segments can be enclosed by a single common pressure vessel. Those Designs will 
be called Design A (individual vessels) and Design B (common vessel) in further analysis.  
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Design A (individual vessels)  
1  Inner Pellet  
2  Heat Exchanger  
3  Outer Pellet  
4  Tank Shell 
Design B (common vessel)  
1  Inner Pellet  
2  Heat Exchanger  
3  Outer Pellet  
4.a  Porous Shell  
5  Tank Shell  
Figure 4-8 Design options for the pressure vessel  
Both designs were calculated for two different pressures of 20 bar maximum pressure (MH with 
can absorb hydrogen at low pressures) and 100 bar (MH that requires higher absorption 
pressures like sodium alanate). The designs are defined as A1 and B1 at low pressure 
respectively A2 and B2 at high pressures.  
4.2.5.1 Dimensioning of the Pressure vessel Options for Solid Steel Tanks  
In order to compare the two tank designs, the tank mass was calculated for each of the two 
options using stainless steel 1.4404 as the tank material. For the design of the tanks, the 
following standards have been applied: 
1.) EUROPEAND STANDARD EN 13445-3:2009.  
2.) EUROPEAN COOPERATION FOR SPACE STANDARDIZATION 
a. SPACE ENGINEERING: 
Structural design and verification of pressurized hardware 
ECSS-E-ST-32-02-Rev 1 
b. SPACE ENGINEERING: 
Structural general requirements 
ECSS-E-ST-32C Rev 1 
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Table 4-2 summarizes the design parameter as input for the tank calculation. Table 4-3 and 
Table 4-4 show the dimensioning of the tank concerning the cylindrical part as well as in the 
heads, when applying all relevant standards. 
Table 4-2 Design parameters  
Feature  
DESIGN A  DESIGN B  
A1  A2  B1  B2  
 Internal pressure  20 bar  100 bar   20 bar  100 bar   
∅𝒊𝒏𝒕  90 mm  270 mm  
Length  1000 mm  1000 mm  
Design stress  130 N/mm2  130 N/mm2  
Joint coefficient  1  1  
Yield strength (R0.2t)  137 N/mm2  137 N/mm2  
Number of pipes / design  7  1  
Design temperature  200°C  200°C  
MATERIAL  1.4404 X2CrNiMo17-12-316L  1.4404 X2CrNiMo17-12-316L  
Table 4-3 Cylindrical shell thickness 
DESIGN  ELEMENT  PRESSURE  THICKNESS  
A1  Shell  20 bar  0.7 mm  
B1  Shell  20 bar  2.1 mm  
A2  Shell  100 bar  3.6 mm  
B2  Shell  100 bar  10.8 mm  
Table 4-4 Tank head thickness 
DESIGN  PRESSURE  
Shell   
THICKNESS  
Head 
THICKNESS  
A1  20 bar  0.7 mm  0.7 mm  
B1  20 bar  2.1 mm  3.39 mm   
A2  100 bar   3.6 mm  3.8 mm   
B2  100 bar   10.8 mm  11.4 mm   
4.2.5.2 Comparison of Tank Mass for Solid Tanks 
Table 4-5 summarizes the mass impact of the design options for the tank system. The tank mass 
for a solid steel tank that was calculated can be used to compare the designs, but does not 
represent a realistic value for the tank system. For a comparison, the designs were recalculated 
using Titanium as material. 
Table 4-5 Comparison of the two design options using different materials. 
  
Design A (individual pressure 
vessels)  
Design B (common pressure 
vessel)  
Internal pressure  20 bar  100 bar  20 bar  100 bar  
Solid Steel Tank Mass (for 
comparison only!)  
18.1 kg  65.3 kg  23.2 kg  
79.4 kg  
+22%  
Solid Titanium Tank Mass 
(for comparison only!)  
4.6 kg  25 kg  6.5 kg  
37 kg  
+48%  
From these calculations, we see, that Design option A (individual pressure vessels) is in general 
more advantageous than using a common pressure vessel. This is also valid when using 
different types of pressure vessels like Aluminium tanks or COPVs that are both possible 
candidates for the RFCS. 
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Design A has the additional advantage that it adds a redundancy to the tank system and provides 
a higher flexibility in the accommodation of the tank(s). They can be placed in a bundle as 
shown in all previous figures, or accommodated next to each other in a flat configuration or 
even distributed throughout the satellite platform. 
Using the individual pressure vessels as a baseline design, the tank mass of all design points 
can be calculated. The mass of the tank is composed of the following components:  
1.) Mass of the heat exchanger  
2.) Mass of the outside pressure vessel (both the cylindrical shell and the head)  
Figure 4-9 summarizes the change of the dry mass with the number of cells, giving a comparison 
of the various heat exchanger designs. One can see, that the heat exchanger being put as close 
to the centre as possible reduces the tank mass significantly. 
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Figure 4-9 Mass of the heat exchanger as function of the number of cells for all three heat 
exchanger positions 
4.2.6 Analysis of the Heat Transfer Coefficient  
The Nusselt number is used to obtain the heat transfer coefficient from the fluid to the pipe.  
For circular pipes it can be expressed as:  
 𝑁𝑢 =
𝐻𝐷
𝐾
 4.8 
where 
𝐻 =  𝐻𝑒𝑎𝑡 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡   
𝐷 =  𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑜𝑓 𝑡ℎ𝑒 𝑡𝑢𝑏𝑒   
𝐾 =  𝐹𝑙𝑢𝑖𝑑 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦   
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A common equation for use in turbulent conduit flow is the Dittus-Boelter correlation [60]:  
 𝑁𝑢 =  0.027𝑅𝑒
4
5 ∙ Pr0.4 4.9 
where 
𝑅𝑒 =   𝑅𝑒𝑦𝑛𝑜𝑙𝑑𝑠 𝑛𝑢𝑚𝑏𝑒𝑟   
𝑃𝑟 =  𝑃𝑟𝑎𝑛𝑑𝑒𝑙𝑡 𝑛𝑢𝑚𝑏𝑒𝑟  𝑃𝑟 =
𝑐𝑝𝑢
𝐾
  
𝑐𝑝 =  𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 ℎ𝑒𝑎𝑡   
𝑢 =  𝐷𝑦𝑛𝑎𝑚𝑖𝑐 𝑣𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦   
𝐾 =  𝑇ℎ𝑒𝑟𝑚𝑎𝑙 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦   
The Nusselt number for straight pipes using Sieder-Tate correlation takes into 
account the variation of viscosity [60]:  
 𝑁𝑢 = 0.027𝑅𝑒
4
5 ∙ 𝑃𝑟
1
3 (
𝜇𝑏
𝜇𝑤
)
0.1
 4.10 
where 
𝜇𝑏  =  𝐷𝑦𝑛𝑎𝑚𝑖𝑐 𝑣𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦 𝑎𝑡 𝑏𝑢𝑙𝑘 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒  
𝜇𝑤  =  𝐷𝑦𝑛𝑎𝑚𝑖𝑐 𝑣𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦 𝑎𝑡 𝑤𝑎𝑙𝑙 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒  
Given that the difference between the bulk temperature and the wall temperature will be very 
low, the variation of viscosity can be neglected. Hence the Dittus-Boelter correlation is used to 
obtain the values for the Nusselt number. 
This Nusselt number must be corrected to adjust it to coiled pipes [61]:  
 𝑁𝑢𝑐 = 𝑁𝑢 ∙ 𝐾𝑛 4.11 
 𝐾𝑛 = 1 + 3.5 (
𝐷
𝐷𝑐𝑜𝑖𝑙
) 4.12 
The key value for the selection of the pipe is the total heat transfer capacity, which is the heat 
transfer coefficient multiplied by the total area of the pipes.  
 𝐻𝑐𝑝  =  𝐻 ∙  𝐴𝑡  4.13 
where 
𝐻𝑐𝑝  =  𝐻𝑒𝑎𝑡 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦   
𝐻 =  𝐻𝑒𝑎𝑡 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡   
𝐴𝑡  =  𝑇𝑜𝑡𝑎𝑙 𝑎𝑟𝑒𝑎   
Figure 4-10 shows the heat transfer capacity calculated for all design points. From this point of 
view, the design with the highest heat transfer capacity (the outside heat exchanger) is the most 
favourable. 
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Figure 4-10 Comparison of the heat transfer capacity for various design points  
4.2.7 Thermal Simulation of the Heat Transfer into the Pellets  
In the previous section, the heat transfer from the fluid to the heat exchanger structure was 
calculated. The heat transfer through the heat exchanger and into the MH material is being 
calculated by means of finite element analysis. Two models were set up representing an internal 
heat exchanger as well as an outside heat exchanger. The geometry of both models was varied 
to cover the design points already described in the previous sections. 
4.2.7.1 Analysis of External Heat Exchanger  
The model of the external heat exchanger consists of the internal MH material, the flow channel 
with its half-spherical cross-section and the intermediate hydrogen channels. The wall on either 
side of the hydrogen channels will be manufactured with small pores to allow for gas exchange. 
This is not represented in the thermal model.  
 
Figure 4-11 Outside heat exchanger with a half-spherical channel cross-section to ensure that 
the heat transfer to the centre is maximized  
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As described above, the number of turns varies significantly with the cross-section of the 
thermal fluid channel, in order to maintain the required pressure drop, as shown in Figure 4-12.  
 
 
Figure 4-12 Different simulation geometries for the case of 12 cells (top), 10 calls (centre) and 8 
cells (bottom).  
  
Figure 4-13 Mesh of the external heat exchanger model  
Metal Hydrides as Enabling Technology for the use of Hydrogen-Based 
Energy Storage Systems on Telecommunication Satellites 
 
90 
  
Figure 4-14 Temperature distribution in the MH after 60s  
Figure 4-13 shows the mesh of the thermal model and Figure 4-14 one exemplary result. 
Figure 4-15 shows the minimum temperature in the MH during heating from all simulations of 
an external heat exchanger. The heating is assumed to start at 150°C. Each line in Figure 4-15 
represents an individual simulation. For example the blue line denoted with ‘15’ represents the 
case where 15 cells are in the tank. For this case, we know from section 4.2.3 how the cells are 
dimensioned and from section 4.2.4 how the flow channel has to be defined. These information 
give the input for the geometry of this simulation. From section 4.2.6 we know the heat transfer 
from the fluid to the heat exchanger wall, which is the input for the convective boundary 
condition in the simulation.  
This procedure was repeated for all curves shown in Figure 4-15.  
One can see, that for high numbers of cells, the homogeneity of the temperature within the MH 
decreases. This is due to the high pitch and respectively the low channel height to pitch ratio 
(see Figure 4-12).  
8 9 10 11 12
156
158
160
162
164
166
168
170
172
174
176
178
180
182
184
186
188
190
T
e
m
p
e
ra
tu
re
 (
°C
)
Number of Cells
 15 s
 30 s
 45 s
 60 s
 
Figure 4-15 Minimum temperature in the MH for different times during the heating, as function 
of the number of cells in the tank.  
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4.2.7.2 Analysis of Internal Heat Exchanger  
The model for the internal heat exchanger consists of an outside and inside MH material and 
the heat exchanger with the fluid and hydrogen channels, as shown in Figure 4-16. The wall on 
either side of the hydrogen channels will be manufactured with small pores to allow for gas 
exchange. This is not represented in the thermal model. The mesh of the model can be seen in 
Figure 4-17. 
 
Figure 4-16 Model of an internal heat exchanger  
 
Figure 4-17 Mesh of the internal heat exchanger model  
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Figure 4-18 shows the temperature distribution in the MH after 10 s, 20 s, 30 s, 60 s and 
300 s. It can be seen, how the temperature gradient starts with 20°C is reduced to 5°C after 
60 s and thermal equilibrium is reached at 300 s 
 
Figure 4-18 Temperature distribution in the MH after 10 s, 20 s, 30 s, 60 s and 
300 s. Note the different scale of the temperature colouring in each picture.  
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Figure 4-19 and Figure 4-20 show the minimum temperature in the MH as already described 
for the external heat exchanger analysis. One can clearly see, that the initial heating of the MH 
reaches a homogeneous state much faster than with the outside heat exchanger.  
7 8 9 10 11 12
150
155
160
165
170
175
180
185
190
T
e
m
p
e
ra
tu
re
 (
°C
)
Cell#
 15 s
 30 s
 45 s
 60 s
 
Figure 4-19 Minimum temperature in the MH for different times during the heating, as function 
of the number of cells in the tank. Heat Exchanger at r=1/2. 
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Figure 4-20 Minimum temperature in the MH for different times during the heating, as function 
of the number of cells in the tank. Heat Exchanger at r=2/3. 
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4.2.8 Overall Design Trade-Off 
The following plots summarize the outcome of the trade-off of various heat exchange 
geometries. From the dimensioning of the flow channels we get a minimum number of cells 
that is below the threshold of 1 for the channel height to pitch ratio. We also see, that the number 
of cells should be held as low as possible.  
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Figure 4-21 Optimization with respect to pitch ratio 
From the tank mass analysis, we see that an internal heat exchanger significantly reduces the 
mass of the overall tank system.  
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Figure 4-22 Optimization with respect to dry mass 
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The simulations of the heat distribution in the MH confirm this choice. Also here, we see that 
using an internal heat exchanger with the least possible number of cells is the best choice. 
Comparing all options, the optimum configuration is thus considered to be a tank consisting of 
seven cells with an internal heat exchanger that has half the coil radius as the outer diameter of 
the cell.  
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Figure 4-23 Temperature spread inside the tank after 60s of heating time. 
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4.3 Tank Design Definition and Mass Budget for a 39kw System  
4.3.1 Revised Tank Design Concept  
In section 3.6, the advantages of using pelletized MHs have been elaborated, resulting in the 
necessity to use simple tank geometries that are extruded from a two-dimensional shape. A heat 
exchanger concept was developed to fulfil this criteria and it became clear, that the two 
dimensional shape to be chosen for the heat exchanger has to be a circle. Thus, the overall tank 
will consist of a number of straight cylinders. Also, it was shown, that for a 39 kW system, the 
subdivision of the tank into seven cylinders of 1 m length and about 9cm diameter is the 
optimum choice, given the requirements for the heat exchange fluid flow.  
 
Figure 4-24 Optimized tank design concept 
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4.3.2 Mass Budget 
The mass budget given in Figure 4-25 shows the mass of the tank system, assuming the 
currently selected material sodium alanate. Two additional cases show the impact of replacing 
sodium alanate by a material with higher storage capacity as well as a worst case assumption 
of sodium alanate being subject to high degradation during the extended cycle lifetime.  
The mass of the MH already includes 10% margin for degradation effects and 25% margin in 
the overall storage capacity projected on the system from battery requirements.  
 
Figure 4-25 Mass budget for the 39 kW MH tank system 
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5 Design and Manufacturing of a Technology 
Demonstrator 
5.1 Technology Demonstrator Design 
In order to test a representative part of the overall tank system, the technology demonstrator 
consists of a 35cm section of one of the cylinders of the full sized tank. This way, all dimensions 
like the diameters of the pellets and of the heat exchanger are the same as in the full size system. 
A flange for easy access to the pellets and various ports for internal temperature measurements 
were added. As will be outlined later, it is very important to assure that the high thermal mass 
of this additional flange is not influencing the thermal characterization of the system. 
5.1.1 Overall Design 
The full scale MH tank for satellite applications was designed to consist of a number of 1 m 
cells with a diameter of about 10cm each. The technology demonstrator is designed to represent 
such a cell as much as possible. The cell inside the technology demonstrator is shortened to 
30cm length, while the full radius of 10cm is kept (Figure 5-1). The choice of 30cm was made 
in order to arrive at an overall capacity of 2kW. 
 
Figure 5-1 Technology demonstrator design 
MH Material 
TC Connections 
HTF outlet 
H2 Connection 
HTF inlet 
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5.1.2 Hydrogen Supply 
In previously developed MH tank systems, a hydrogen distribution system (usually in form of 
sinter metal filters) has to be introduced. The disadvantage of this state of the art technology 
for hydrogen distribution is the additional mass as well as the fact, that hydrogen is released 
away from the location of the heat exchanger. While hydrogen is being absorbed by the 
material, the powder bed is heated and has to be cooled. Due to the fact, that the hydrogen 
supply and the heat exchanger are separated by a powder with relatively low thermal 
conductivity, hot spots can be observed, where the powder is heated above its melting point. 
This in turn can result in a sintering effect within the powder and a loss in reaction kinetics. In 
order to have constant performance over a large number of cycles, it is necessary to avoid such 
hotspots. 
The concept presented herein is to supply hydrogen to the MH through a newly developed 
multi-purpose heat exchanger. It has a connection at the top if the heat exchanger that is feed 
through the flange of the technology demonstrator. There is no separate inlet and outlet. The 
same connection will be used to supply the demonstrator with hydrogen from the electrolyser 
and to direct released hydrogen towards the FC. The management of the gas flows will be done 
outside the tank. 
5.1.3 Heat Exchanger 
The newly developed heat exchanger consists of a double spiral with two intertwined branches. 
One spiral is carrying the heat transfer fluid with an inlet at the bottom and an outlet at the top 
that is feed through the flange of the tank. The other has only one connection at the top towards 
the flange and a dead end at the bottom. It is used to supply hydrogen to the tank. The connection 
to the MH is realized by manufacturing the outer walls of this spiral with a large number of 
small pores, ensuring that the hydrogen can diffuse through the MH easily over the whole length 
of the heat exchanger (Figure 5-2). 
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Figure 5-2 Heat exchanger design with heat transfer fluid (dark red) and hydrogen (pink) 
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5.1.4 Mechanical Integration and Thermal Mass Compensation 
The nature of the tests to be performed at this stage of the development require the possibility 
to re-open the tank several times during the test campaign. It is therefore necessary to include 
a flange that is leak-tight up to above 100 bar. Such flange is adding significant weight to the 
system, resulting is a large heat capacity that would make it impossible to address any transient 
thermal effects in the system if not treated properly. In order to neglect the influence of this 
large thermal mass, it has to be assured that there is no heat flux to or from the flange. A heating 
belt around the flange is being controlled to assure that there is no temperature gradient between 
the flange and the tank structure. This way, the flange acts as an adiabatic boundary for the rest 
of the tank (Figure 5-3). 
 
Figure 5-3 Thermal mass compensation of the flange 
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5.1.5 Filling and Emptying the Tank 
In order to simplify the insertion and removal of pellets to and from the tank, a pellet holder 
was introduced to the technology demonstrator. This pellet holder has several important 
functionalities. As it is fixed to the heat exchanger and not to the tank structure, it acts as a 
basket for the outer pellets that are to be placed around the heat exchanger. It is therefore 
possible to fill the lightweight heat exchanger-pellet holder assembly with the MH and then 
slide it into the pressure vessel. Also, it is possible to remove all of the MH from the tank very 
easily (Figure 5-4). Another advantage of such a feature is that since the MH pellets are slightly 
expanding when being subject to cycling, the holder ensures, that the pellets are being pressed 
towards the heat exchanger and not towards the outer tank structure. This results in an increased 
thermal contact between the pellets and the heat exchanger, while the pellet holder and the 
outside structure stay in relatively loose contact, reducing thermal losses to the outside. Another 
function of the holder is to fix the position of the heat exchanger inside the tank. 
The pellet holder has to allow for penetration of the thermocouples measuring the temperature 
distribution inside the MH bed, which is why windows for this purpose are introduced in a 
regular pattern. 
 
Figure 5-4 Pellet holder for easy integration of the tank 
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5.2 Test Facility Design 
The test facility (Figure 5-5) is set up with the intention to separate functional sub-systems as 
much as possible while maintaining a compact design of the overall facility. Such sub-systems 
are in particular the hydrogen system, the heat transfer fluid system, the electronics and data 
acquisition and the technology demonstrator itself. The following sections will describe in more 
detail individual components and functionalities of the facility. 
                    
Figure 5-5 Test facility design 
5.2.1 Safety 
The MH used for technology demonstration is reacting highly exothermic with water, meaning 
that even the humidity in the laboratory atmosphere could lead to an ignition of the material 
that with a certain combination of operation parameters has the potential of inducing a thermal 
run-away of the tank system. This worst case scenario has to be considered when designing the 
facility. In such a scenario, a structural failure of the tank leads to introduction of humid air to 
the MH material and the start of an oxidation reaction that locally heats up the tank to very high 
temperatures. This heating will on one hand lead to an increased release of hydrogen and a 
further acceleration of the oxidation. On the other hand, an ignition of the hydrogen gas has to 
be considered. 
In such a scenario, the tank will burn until all the material is consumed. In order to cope with 
such worst case scenario, apart from large design margins regarding the structural integrity of 
the tank, a sandbox design was used for the test facility (Figure 5-6). This design features two 
stainless steel tons separated by a thick layer of sand. This insulation layer is only open at the 
top and the whole MH tank is mounted inside, hanging from the top. Thus, any leakage of the 
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tank that is accompanied by a burning or even spilling of material is fully contained within this 
sandbox. 
In addition to this, there is a spring pressure relief valve installed directly at the hydrogen 
connection to the tank, ensuring that the tank pressure cannot exceed 60% of the design pressure 
of the tank. Also, there is a two-stage temperature cut-off safety system in place. First, the 
software is limited to allow for temperatures that are above a critical temperature and second, 
bi-metallic sensors are used to stop all the heater in the system if a cut-off temperature is 
reached. Since these critical temperatures will be measured on the outside of the tank, an 
appropriate limit will be established during the first phase of the test campaign. 
 
Figure 5-6 Sandbox design for safety reasons 
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5.2.2 Mounting of the Tank 
As described above, the tank was mounted hanging inside the sandbox. The mounting is shown 
in Figure 5-7 and is designed in a way to allow for a mobile crane to lift the tank high enough 
to place it into the facility. 
      
Figure 5-7 Mounting of the tank in a hanging configuration (left) that can be lifted by a mobile 
crane (right) 
5.2.3 Hydrogen Systems 
The technology demonstrator is supplied with hydrogen from a commercially available 200 bar 
steel vessel. The pressurized hydrogen vessel and the technology demonstrator setup are 
spatially separated. The pressure vessel is located in a special storage cabinet in the basement 
and connected to the technology demonstrator setup at the main floor via an in-house hydrogen 
supply line. 
   
Figure 5-8 Hydrogen supply system 
The pressure from the storage vessel to the in-house gas supply line is regulated by a pressure 
reducer. This default pressure is on the supply line from the basement to a manually operated 
ball valve in the room at the main floor. Following this ball valve, another pressure reducer 
limits the pressure to the MH tank to 100 bar. 
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A digital pressure gauge (P1) is mounted behind the pressure reducer followed by a digital flow 
meter, both devices are linked to the H2-control unit. The flow meter can operate at hydrogen 
pressures up to 200 bar and can resolve a hydrogen flow up to 5 l/min. This is 5 times higher 
than the nominal flow from the electrolyser, allowing for an increased regeneration of 5 hours 
or higher. Behind the flow meter, a flow control valve is mounted that can operate at differential 
pressures up to 400 bar. This valve acts as a control for the hydrogen flow to the tank, simulating 
the electrolyser, and closes during FC operation. 
After that, a T-piece adapter is mounted that hosts a mechanical overpressure safety valve. The 
remaining branch is connected to a four way cross piece: the first of its arms is linked to another 
digital pressure gauge (P2) that displays the pressure in the MH tank, the second arm leads to a 
pneumatic valve (V3) that separates the desorption/exhaust section that represents the FC. Both 
devices are connected to the H2-control unit. The third arm leads to a manually operated ball 
valve behind that the MH tank is mounted. 
On the FC side, the hydrogen has to be cooled, since the flow control used to measure and 
regulate the released hydrogen is using a differential thermal measurement method and cannot 
operate at gas temperatures higher than 60°C. Thus, the gas is passing an air cooled heat 
exchanger. After this, the pressure is reduced to 10 bar or less to ensure that the flow control 
unit respectively the FC is not damaged. This is only necessary in the first phase of the tank 
operation where hydrogen is supplied to the FC from the residual pressure in the tank. The flow 
control system is then regulating a constant flow of hydrogen towards the FC. A proportional 
valve after the flow control (V5) can be used to simulate a back pressure towards the FC. 
Figure 5-9 shows the design of the hydrogen system and Table 5-1 lists all of the used 
components. 
 
Figure 5-9 Components of the hydrogen system 
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Table 5-1 Components of the hydrogen system 
ID Component Range Error 
Fl1 
Bronkhorst HiTec Flow Meter 
F-111B-5K0-ABD-33-V 
0.1-5 ln/min H2 
Up to 200 bar 
0.5% MV + 0.1% AV 
Bronkhorst HiTec Control Valve 
F-033C-LIU-33-V 
Up to 400 bar - 
Fl2 
Bronkhorst HiTec Flow Meter 
F-201CV-20K-ABD-33-V 
0.4-20 ln/min H2 
Up to 8 bar 
0.5% MV + 0.1% AV 
P1 Keller Pressure Transducer 21Y  0-160 bar 1% tot. + 0.5% lin. 
P2 Keller Pressure Transducer 21Y  0-100 bar 1% tot. + 0.5% lin. 
P3 Keller Pressure Transducer 21Y  0-10 bar 1% tot. + 0.5% lin. 
P4 Keller Pressure Transducer 21Y  0-10 bar 1% tot. + 0.5% lin. 
V1 
Swagelok Diaphragm Valve 
SS-DSS6MM 
- - 
V2 Swagelok Ball Valve - - 
V3 
Swagelok Pneumatic-Valve 
SS-HBVS6MM-C 
- - 
V4 Swagelok Ball Valve - - 
V5 
SMC Proportional Valve 
PVQ13-5L-03-M5-A 
- - 
VS 
Swagelok Spring Pressure Relief Valve 
177-R3A-K1-D 
- - 
5.2.4 Heat Transfer Fluid System 
The temperature control of the reaction chamber is realized by an open fluid cycle heated by an 
immersion thermostat (Figure 5-10 and Figure 5-11). In order to control the temperature of the 
thermal fluid within the tank rather than the one in the bath, thermal elements will measure the 
temperature at the inlet and at the outlet of the tank. 
In order to determine the heat that is absorbed within the tank, it is necessary to know (in 
addition to the temperature drop within the tank) the thermal properties of the heat transfer fluid 
at the relevant temperatures as well as the mass flow of the oil through the tank. It turns out, 
that both information are not trivial. The thermal properties of the heat transfer fluid are 
characterized by the manufacturer mainly at room temperature and not at around 200°C. Since 
the viscosity, the heat capacity and even the density of the oil will vary significantly at such 
high temperatures, a dedicated test campaign would have to be conducted to get temperature 
dependent measurements of those properties. Also the elevated temperatures are causing 
problems with the accurate measurement of the mass flow of the oil. After extensive search, no 
commercially available flow meter could be found that can cope with such high oil temperatures 
and provides a reasonably low measurement error below 10%. 
The solution used in the current test setup is circumventing both problems, by introducing a 
reference heat exchanger just before the inlet of the tank. This reference heat exchanger is used 
to heat the heat transfer fluid by means of electric heating to an extent that the temperature 
increase in the reference heat exchanger is the same as the temperature decrease in the tank. 
The electrical power that is used for this pre-heating is equal to the heat that is absorbed in the 
tank and can be determined very accurately. If the thermal losses between the reference heat 
exchanger and the tank are low, that is if T2 and T3 in Figure 5-10 are the same, all thermal 
properties of the heat transfer fluid are cancelled out and do not have to be considered in the 
error budget any more. 
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Figure 5-10 Thermal cycle of the technology demonstrator 
 
Figure 5-11 Realization of the thermal cycle 
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5.2.5 Reference Heat Exchanger 
The reference heat exchanger, as described above, is located between the oil pump and the 
reaction chamber (Figure 5-12). In order to measure the thermal energy, absorbed by the 
reaction chamber, the reference heat exchanger is being controlled by an additional electrical 
heating system. In order to measure the thermal energy inside the reaction chamber, the 
reference heat exchanger will regulate the temperature difference T2-T1 until it reaches the 
temperature difference before and after the tank (T3-T4) caused by the absorption/desorption 
of hydrogen. The power consumption of the reference heat exchanger is then directly related to 
the absorbed heat in the tank. 
If the temperature uptake in the tank will decrease, that is T4 is raising, then less heater power 
will be directed to the reference heat exchanger in order to ensure that T4-T3 still equals T2-
T1. This in turn will cause T3 to fall which has to be compensated by an increase of the overall 
temperature level in the system. If this turns out to be difficult to control, the alternative is to 
mount the reference heat exchanger directly after the oil outlet of the tank which will decouple 
the temperature drop from the inlet temperature, maintaining the same functionality. 
 
Figure 5-12 Setup of the reference heat exchanger. Positions of the temperature reading are 
being marked by orange circles 
T1 Position 
T2 Position 
Heating Element 
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5.3 Technology Demonstrator Control 
5.3.1 Process Control Diagram 
 
Figure 5-13 Process control diagram of the test setup 
Figure 5-13 shows the complete process diagram of the test setup as well as the input and output 
signals. There are four sets of control loops present, named R1, R2, R3 and R4. 
The control loop R1 (shown in Figure 5-14) is simulating the hydrogen uptake by the FC. There 
are two control loops R1a and R1b that can operate in parallel. The first one (R1a) is controlling 
the proportional valve V5 to maintain a certain pressure in the line behind the flow control Fl2. 
This arrangement is thus simulating the back pressure in the FC. The second one (R1b) is 
controlling a constant flow from the tank to the FC and is thus an integral part of the MH tank 
technology. 
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Figure 5-14 Control loop R1 
The control loop R2 (shown in Figure 5-15) is simulating the electrolyser in that it is controlling 
the hydrogen flow towards the tank. There are two modes of operation where only one can be 
used at any given time. In the first one (R2a) a constant pressure is commanded. If the pressure 
in the tank drops due to absorption of hydrogen in the material, the flow control valve will open 
to supply hydrogen at a rate sufficient to keep the commanded pressure in the tank. The second 
mode (R2b) will supply a commanded constant hydrogen flow to the tank regardless of the 
internal pressure. 
 
Figure 5-15 Control loop R2 
The control loop R3 (shown in Figure 5-16) is the most complex one, dealing with the thermal 
management of the tank as well as the simulation of the thermal side of the FC. There are three 
sub-control loops R3a, R3b and R3c. R3a is an independent control loop that regulates the 
overall temperature level of the thermal system. The temperature at the tank inlet (T3) is 
controlled by raising the temperature in the oil bath using the immersion thermostat. 
The other two control loops R3b and R3c are coupled. R3b is commanding an electric power 
to the reference heat exchanger appropriate to ensure that the temperature increase in the oil 
from this heating is equal to the temperature drop in the tank. R3c is controlling the operation 
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of the oil pump. It is using the heater power that is commanded by R3b as a reference in order 
to control the heat flow towards the tank. There are two modes of operation for this control loop 
R3c. First, a constant heat can be directed towards the tank, regardless of its capability to absorb 
it. Second, a constant heat uptake by the tank can be commanded. 
 
Figure 5-16 Control loop R3 
The control loop R4 (shown in Figure 5-17) is controlling the flange heating in order to assure 
that there is no heat flux to or from the flange. 
 
Figure 5-17 Control loop R4 
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5.3.2 Measurement of Hydrogen Absorption 
During absorption, a constant hydrogen pressure inside the tank is established. The hydrogen 
supply is regulated by a pressure reducer (located before P1) and measured by a flow meter, 
located directly after the pressure sensor P1. Hydrogen absorption will cause a pressure drop 
inside the chamber, which will be measured by a pressure sensor (P2). The absorption can be 
regulated by either keeping P2 constant or by setting a fixed hydrogen flow through the flow 
meter. The amount of hydrogen stored inside the tank is measured by integrating the hydrogen 
flow over the absorption time. 
5.3.3 Measurement of Hydrogen Desorption 
In order to simulate the working conditions of the FC, a constant back pressure (P4) during 
desorption will be set. A proportional valve, located behind P4 will release hydrogen above the 
desired pressure. Prior to measuring the hydrogen flow during absorption, the hydrogen gas has 
to be cooled before entering the flow-meter. Furthermore, a pressure reducer is located at the 
entrance of the flow-meter in order to avoid any damage of the flow-meter. The amount of 
hydrogen, desorbed by the tank can be measured by integration of the hydrogen flow over time. 
However, one has to keep in mind, that there is still free hydrogen gas in the tank, which has 
not been absorbed by the MH. However by measuring P2 and knowledge of the free gas volume 
of the tank, one can numerically separate the free hydrogen gas from the hydrogen, stored in 
the metal-hydride. 
5.4 Software 
The LabView™ Software described in section 3.5 was modified in order to allow for the 
technology demonstrator to be controlled automatically. 
5.4.1 Hydrogen Control 
The hydrogen control includes the reading of all gas flows and pressures. The valves can be 
opened and closed, and the operation mode of R2 can be switched between tank filling at 
constant pressure or at constant hydrogen flow rate. 
 
Figure 5-18 Hydrogen interface of the process control software 
5.4.2 Thermal Control – Fuel Cell Simulation 
The thermal control includes the visualization of all temperature readings in the system, as well 
as the current outputs from all control loops. The only two values commanded are the 
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temperature at the tank inlet and either the heat directed to the tank or the heat uptake in the 
tank. 
 
Figure 5-19 thermal interface of the process control software 
5.4.3 Automated Cycling 
The program includes the possibility to set the tank to automatically alternate electrolyser and 
FC mode for a specified number of cycles. The time of each of the two can be specified 
individually. During electrolyser mode, absorption temperature and pressure can be set. During 
FC mode, the desorption temperature can be set and the flow to the FC as well as a back pressure 
can be chosen. 
 
Figure 5-20 Cycling interface of the process control software 
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5.5 Experiment Realization 
5.5.1 Sequential Filling of the Tank 
The test campaign was divided into three main phases, shown in Figure 5-21. 
 
 
Figure 5-21 Sequential filling of the technology demonstrator with MH material 
Phase A contained the verification of all parts of the test setup, including the testing and 
establishment of appropriate control parameter for all control loops in the system. 
After this first phase, the tank was brought to IFAM Fraunhofer in Dresden (Germany), where 
the MH pellets are being manufactured. The pellets were filled there and brought back to 
FOTEC in the sealed tank. This procedure was chosen, since it omits to manufacture a second 
tank for transportation of the pellets. 
The testing with MH material is being split into two phases. The main reason being that the MH 
material is at the same time very expensive and very sensitive to e.g. overheating. Thus, it is 
reasonable to test the functionality of the tank design, especially the performance of the new 
heat exchanger technology first with a reduced hydride loading. By filling only the inner 
volume of the heat exchanger, the overall capacity and therefore the financial risk of having to 
replace the material is reduced to 25%. 
5.5.2 Tank and Material Handling 
One of the most critical parts of the experimental evaluation of this technology is the handling 
of the MH material. As it is highly reactive with the water vapour present in air, it has to be 
handled in inert atmosphere at all times. Furthermore, the material was synthesized and 
compacted at IFAM Fraunhofer in Dresden, while the test facility for the tank characterization 
Phase A: 
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Filling of Inner 
Pellets
Phase B: 
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is located at FOTEC in Wiener Neustadt. Therefore, a dedicated glove box was designed and 
manufactured, that fulfils several purposes (Figure 5-22). 
First, two people can access the tank in inert atmosphere either from opposite sides of the glove 
box or next to each other. Second, it can easily be converted from a standing configuration to a 
table-top configuration while in operation. Third, fixtures and holders for the technology 
demonstrator were designed to allow for easy positioning of the heavy parts within the glove 
box, but also for fixing the closed tank to its baseplate. Therefore, the glove box also serves as 
a transportation device. 
   
   
Figure 5-22 Glove box for handling of the technology demonstrator. 
upper left: Standing configuration closed. Upper right: table top configuration with upper part 
removed. Lower left: tank fixed for transportation. Lower right: removed fixture for tank filling. 
5.5.3 Heat Exchanger Manufacturing 
The tank itself was manufactured according to the design presented in section 4. One critical 
part is the novel heat exchanger that serves as a hydrogen distribution system. The porous walls 
that connect the hydrogen supply with the MH material were realized by introducing small 
channels with a diameter of around 100µm to the design. When printing the heat exchanger, 
such small channels are just at the edge of the resolution of the printing process, which results 
in an inhomogeneous printing and the occurrences of defects in this part of the heat exchanger. 
The result is a porous structure, as anticipated in the initial concept. Nevertheless, this method 
is very sensitive to the dimension of the introduced channels, as it has to be ensured, that the 
resulting defects form an open pore structure (Figure 5-23). 
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Figure 5-23 Hydrogen supply concept using printed porous structures 
A series of test specimen with different design parameters were printed and the pressure drop 
over the porous wall was tested. Also, the specimen were pressurized in a water bath to visualize 
the gas permeability (Figure 5-24). 
Porous Wall to distribute Hydrogen 
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Figure 5-24 Pre-tests for finding suitable manufacturing parameters of the porous parts of the 
heat exchanger 
The heat exchanger was printed using the EOS M280 selective laser melting machine available 
at FOTEC. In Figure 5-25, the manufacturing of the heat exchanger is being shown and in 
Figure 5-26 the printed part can be seen. The intertwining spirals are clearly visible, as are the 
areas where the wall is porous to distribute the hydrogen. 
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Figure 5-25 Above: The EOS M280 used for printing the heat exchanger. Below: The printed 
heat exchanger, as the remaining powder is being removed. 
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Figure 5-26 SLM printed heat exchanger. The cut part in the upper centre shows a test item that 
was printed and cut to investigate the quality of the internal structure. 
The functionality of the hydrogen distribution through the heat exchanger was tested by 
mounting it in a transparent reservoir filled with ethanol (Figure 5-27 and Figure 5-28). 
Nitrogen was applied through the hydrogen support line and again the pressure drop, as well as 
the distribution of the nitrogen flow throughout the heat exchanger was monitored. The pressure 
drop did not exceed 1.8 bar at maximum nitrogen flow. 
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Figure 5-27 Test setup for validation of the hydrogen distribution system 
Hydrogen Supply Line 
Ethanol Reservoir to Visualize 
the Gas Distribution 
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Figure 5-28 Visual verification of the gas distribution. Above: Gas is distributed very 
homogeneously along the porous walls of the spiralling hydrogen channel. Lower left: 
Significant as evolution can be seen from the outer, as well as from the inner wall of the heat 
exchanger. Lower right: The maximum pressure drop at full nitrogen flow was 1.8 bar. 
Figure 5-29 finally shows the heat exchanger mounted in the technology demonstrator tank. 
   
Figure 5-29 Heat exchanger mounted in the tank 
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5.5.4 Filling of the Metal Hydride Material 
The pelletized MH was inserted into the tank in dry nitrogen atmosphere, as shown in Figure 
5-30.  
   
   
Figure 5-30 Filling of the MH tank. Upper pictures: insertion of the MH pellets. Lower pictures: 
drilling of a hole for the central thermocouple. 
The tank was then transported back to the FOTEC laboratories and installed in the test facility, 
as shown in Figure 5-31 and Figure 5-32. The tank was isolated, while the heat losses through 
the flange are compensated by a heating belt, as was described in more detail in section 0. After 
insertion of the tank into the sandbox, it was thermally sealed with additional insulation 
material. 
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Figure 5-31 Mounting of the tank in the test facility. Left: before insulation. Right: after 
insulation. Note, that the flange is not insulated, as the heat losses are actively compensated by 
the installed heating belt (see also Figure 5-3). 
   
Figure 5-32 Insulation of the tank assembly. The sand box is closed above the tank and used as 
an additional insulation layer. 
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6 Simulation of the Metal Hydride Tank Performance 
In the master thesis [1] preceding this work, extensive work was performed in order to establish 
a simulation of the hydrogenation and dehydrogenation process of the MH. This simulation 
modelled the two step reaction kinetics of sodium alanate by taking into account the rates of 
the four processes of chemical sorption, surface transition, diffusion and phase transition. These 
reaction steps were implemented into a thermal FEM simulation and verified by comparison 
with several MH tanks of different size and shape [1]. Using this simulation, it is possible to 
predict the performance of a MH tank using sodium alanate in configurations where thermal 
transport phenomena play an important role. However, in the work presented in this thesis, it 
was sought to optimize the thermal behaviour of the MH tank in a way that its performance is 
no longer limited by such transport phenomena. This means, that by using pelletized material 
(described in section 3.6) and the introduction of a new heat exchanger technology (described 
in section 4.2) it was possible to optimize the thermal coupling between the MH material and 
the heat source simulating the FC to an extent, where this thermal coupling is no longer the rate 
limiting factor for the tank performance. Instead, the tank performance is limited by the reaction 
kinetics of the material itself, as will be discussed in detail in section 7. 
6.1 Simulation Implementation 
As the goal of the optimization of the tank was to achieve an overall tank performance close to 
the performance of the material, another simulation was used to validate the experimental 
results of the technology demonstrator and then extrapolate the performance of the full scale 
tank system. This simulation is based on the work done by Lozano [62], who showed that the 
rate of each of the two reactions can be modelled by introducing a transformed fraction X that 
corresponds to the ratio of mass of hydrogen absorbed in a specific phase. Note, that Lozano 
uses the terminology SI, SII, SIII for the different phases that correspond to α, β,  in Figure 3-6. 
 𝑋 =
𝑚𝐻2
𝑚𝐻2,max
 6.1 
 𝑋𝑆𝐼𝐼𝐼→𝑆𝐼𝐼 =
𝑚𝑆𝐼𝐼
𝑚𝑆𝐼𝐼𝐼+𝑚𝑆𝐼𝐼
 6.2 
 𝑋𝑆𝐼𝐼→𝑆𝐼 =
𝑚𝑆𝐼
𝑚𝑆𝐼𝐼+𝑚𝑆𝐼
 6.3 
The rate of transformation can be defined by 
 
𝑑𝑋
𝑑𝑡
= 𝑘(𝑇, 𝑝)𝑔(𝑋) 6.4 
with 
 𝑘(𝑇, 𝑝) = (𝐴𝑒−
𝐸𝑎
𝑅𝑇) 𝑓(𝑝, 𝑝𝑒𝑞) 6.5 
where the first factor is the Arrhenius equation and the second is the influence of the equilibrium 
pressure peq and tank pressure on the reaction rate. This function 𝑓(𝑝, 𝑝𝑒𝑞), as well as the 
Arrhenius parameters were determined experimentally by Lozano [62] as follows 
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Table 6-1 Empirical fit of the reaction kinetics of sodium alanate [62] 
 g(X) f(p,peq) A [s
-1] 
Ea 
[kJ/mol] 
𝑺𝑰𝑰𝑰 → 𝑺𝑰𝑰  1  𝑓𝑆𝐼𝐼𝐼→𝑆𝐼𝐼(𝑝, 𝑝𝑒𝑞) = (
𝑝𝑒𝑞−𝑝
𝑝𝑒𝑞
)
2
+ 1.04 (
𝑝𝑒𝑞−𝑝
𝑝𝑒𝑞
)  5.41e10 105.85 
𝑺𝑰𝑰 → 𝑺𝑰  (1 − 𝑋𝑆𝐼𝐼→𝛼𝑆𝐼
)  𝑓𝑆𝐼𝐼→𝑆𝐼(𝑝, 𝑝𝑒𝑞) = (
𝑝𝑒𝑞−𝑝
𝑝𝑒𝑞
)
2
+ 0.46(
𝑝𝑒𝑞−𝑝
𝑝𝑒𝑞
)  1.43e8* 91.5 
*The simulation results presented by Lozano [62] and an alignment with his measurements 
could only be achieved by using 1.43e8 s-1, while the value given in his thesis ([62], page 55) is 
3.41e8 s-1. It is assumed that this is a typo, since the use of 3.41e8 s-1 gives significant 
deviations from the reported results. 
The equilibrium pressure peq can be calculated by using the Van’t Hoff-Equation: 
 ln (
𝑝𝑒𝑞
1𝑏𝑎𝑟
) =
Δ𝐻𝑅
𝑅𝑇
−
Δ𝑆𝑅
𝑅
 6.6 
with the following parameters [62] 
Table 6-2 Used enthalpy and entropy parameter for the simulation 
Sorption reaction 𝚫𝑯𝑹 [kJ / mol H2]
 𝚫𝑺𝑹 [J / mol H2 K] 
SI↔SII -47 -126 
SII↔SIII -37 -122 
Using the above model of the reaction kinetics, a simulation was implemented using SciLab 
5.5.1. 
6.2 Simulation Verification 
It is important to note at this point, that the model implemented in this simulation is much more 
simple that the one used in previous studies done by the author [1]. Instead of simulating the 
reaction rate from the calculation of the four processes of chemical sorption, surface transition, 
diffusion and phase transition as implemented in previous simulations [1] an empirical fit is 
being used do model an overall reaction rate for each of the two phases. Furthermore, the 
thermal transport phenomena that have significantly limited the performance of previous 
experimental tanks were ignored. That means, that the results of the simulation assume a 
thermally perfect tank, in which all of the MH material is being coupled being in perfect thermal 
contact with the heat transfer medium, the thermal oil passing the tank. This is of course a 
simplification, but it will be shown in section 7, that the thermal behaviour of the tank could be 
optimized to an extent, where its performance is very close to such an idealized system. 
Figure 6-1 shows the phase diagram of sodium alanate as measured [34] and its implementation 
in the simulation. Note, that the melting of sodium alanate above 183°C is not modelled, as 
such melting needs to be avoided in the tank. 
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Figure 6-1 Verification of the implemented phase diagram. Left: Phase diagram of sodium 
alanate [34]. Right: Model implementation. 
Figure 6-2 shows the comparison of experiments and calculations performed by Lozano [62] 
for each of the two phase transitions. Below those results, the outcome of the simulation used 
for the evaluation of the MH-RFCS performance is shown. Note, that the simulation duration 
is 120 min in the upper left figure, while it is 60 min in all others. It can be seen, that the MH-
RFCS simulation is consistent with both experimental as well as calculated results reported by 
Lozano [62]. 
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Figure 6-2 Verification of the model implementation. Top: Experimental and theoretical results 
from Lozano [62]. Bottom: Model implementation. Left figures show the phase transition II-I at 
5 bar back pressure, right figures show the phase transition III-II at 0 bar back pressure. 
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7 Experimental Results and Discussion 
7.1 Thermal Characterization of the Tank 
Prior to loading the tank with MH, its thermal behaviour as well as all aspects of the thermal 
control system were tested. Figure 7-1 shows the position of all internal temperature 
measurements. 
 
Figure 7-1 Position of all internal temperature measurements 
Figure 7-2 shows the responsiveness of the thermal control system. It consists of a bath 
thermostat, an oil pump, the reference heat exchanger described in section 0 and the tank itself. 
In order to test the capabilities of the thermal control system, a step response was logged where 
the commanded temperature was increased to 100°C and after thermal stabilization to 180°C. 
It can be seen, that a temperature ramp of 2°C/min is feasible. Also, one can see, that the thermal 
losses at 180°C are well below the capabilities of the heating system, which ensures good 
controllability at these temperatures. 
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Figure 7-2 Thermal responsiveness of the system 
Figure 7-3 shows how the tank structure is following the step response from 100 to 180°C. T5 
is located in the centre of the tank. The other thermocouples are positioned in pairs of two where 
one is near the heat exchanger and the other one is close to the tank wall. It is important to note, 
that the thermal distribution shown in Figure 7-3 is from an empty tank. It can clearly be seen 
that the set of thermocouples close to the outer wall are the ones seeing the highest thermal 
inertia. 
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Figure 7-3 Heating of the tank structure. 
In order to test the ability of the thermal control system to cope with a temperature increase in 
the tank, the following test was performed. Starting from a stable temperature of 100°C, the 
reference heat exchanger was turned on to suddenly heat the thermal oil with 100 W heating 
power between T1 and T2. Since there is only a minor thermal gradient between T2 and T3, 
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this would result in a temperature increase at the tank inlet (T3). Nevertheless, the thermal 
control loop is trying to keep T3 constant, regardless of outer influences. It therefore reduces 
the controlled temperature in the bath in order to reduce T3 back to its controlled value. In the 
right side of Figure 7-4, one can see that suddenly increasing the heater power to 100 W can be 
fully compensated. The control loop reacts fast enough to decrease the bath temperature and 
keep the inlet temperature at the tank below 101°C. Applying an additional 200 W heater power 
results in a temporary temperature increase of 5°C. 
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Figure 7-4 Availability of the system to adapt for sudden heat loads in the tank 
As described in section 0, the thermal mass and heat losses through the flange are compensated 
using an actively controlled heating belt. Figure 7-5 shows the functionality of this belt. 
Temperatures are measured at the locations indicated with yellow circles, and the input power 
of the heating belt is controlled to minimize the thermal gradient along the measurements. On 
the right side of Figure 7-5, one can see, that the thermal gradient along the flange does not 
exceed 0.1°C as the whole tank is heated from 100°C to 180°C. 
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Figure 7-5 Functionality of the flange compensation 
7.2 Measurement of the Absorption and Desorption Performance 
7.2.1 Reduced Capacity Loading 
In a next step, the tank was tested with reduced capacity. That means, that the inner volume of 
the tank was filled with pelletized MH as described in section 5.5.4 and shown in Figure 7-6. 
The test results of this test campaign are being summarized in the following section. A 
comparison to theoretical predictions as well as extrapolations to the full capacity case and high 
power case can be found thereafter. 
Temperature 
Measurements 
Adiabatic 
Boundary 
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Figure 7-6 Technology demonstrator with only internal MH pellets 
7.2.2 Hydrogen Desorption 
Figure 7-7 shows a desorption cycle of the tank. A constant hydrogen flow of 5 l/min could be 
maintained for more than 60 minutes. 
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Figure 7-7 Hydrogen flows during desorption 
Figure 7-8 shows the pressure evolution in the tank during the unloading cycle. First, the 
pressure is reduced to about 30 bar within 10 minutes. This is when the reaction starts and 
hydrogen is released from the MH material. Due to this hydrogen release, the pressure stabilizes 
around 30 bar for 40 minutes and then gradually decreases. P3 shows the back pressure from 
the FC. It can be seen, that for 60 minutes a back pressure of 10 bar can be maintained. After 
that time, the pressure gradually decreases until the tank is empty. 
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Figure 7-8 Pressures during desorption: P2 - tank pressure, P3 - FC back pressure 
Figure 7-9 shows the temperatures within the tank. The most notable curve is the one of the 
central thermocouple (T5). 
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Figure 7-9 Temperatures during desorption 
It can be seen, that after 10 minutes (when the pressure within the tank is reduced from 80 to 
30 bar), the dehydrogenation reaction starts and the MH temperature is reduced, different to the 
heat exchanger temperature (red curve). Note, that in this test, the inlet temperature was kept at 
150°C for the first 10 minutes, and then been increased to 170°C. 
Figure 7-10 shows the heat that is absorbed by the tank from the oil. The steady state losses of 
the tank are about 175 W. The absorbed heat was in this test not limited, resulting in a peak 
absorption of 200 W. Integrating the absorbed heat gives the energy absorbed in the tank. This 
energy was then corrected by subtracting the steady state losses from the absorbed heat before 
T5 
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integrating. The results of this integration can be seen in the bottom of Figure 7-10 both with 
and without the correction for steady state losses. The total amount of thermal energy stored in 
the system is therefore about 360 kJ. 
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Figure 7-10 Above: Absorbed heat during desorption. Below: Integral of the absorbed heat and 
correction thereof by subtracting the constant heat loss of 175 W. 
Comparing this to the thermodynamic calculations for the MH material yields a constant heat 
absorption of 72.2 W and a total energy of 312 kJ. The additionally absorbed heat is used to 
heat the structure of the tank, in particular the heat exchanger. This heat exchanger has a mass 
of 2.3 kg and a specific heat capacity of 450 J/kgK. Taking the measured temperature change 
of 20 K (see Figure 7-3), 21 kJ are being stored in the heat exchanger. The rest is used to heat 
the outside structure of the tank by about 4 K,  as can be seen in Figure 7-9. Table 7-1 shows 
the theoretical amount of heat stored in the tank. It can be seen, that the sum is very close to the 
measured value of 360 kJ. As the calculation in Table 7-1 does neglect any heat stored on the 
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massive flange, this result verifies that this heat is fully compensated by the flange heater and 
the assumption of an adiabatic boundary at the top of the tank is justified. 
Table 7-1 Heat storage in the technology demonstrator 
Component Temperature raise [K] 
(measured) 
Heat stored [kJ] 
(calculated from the 
measured 
Temperature raise) 
MH (chemical reaction) - 312 
MH (heating of the material) 20 11.5 
Heat Exchanger 20 21 
Outer Structure (below adiabatic boundary, 
without Flange) 
4 28 
Sum  372.5 
Figure 7-11 shows the amount of hydrogen released from the tank. The top of Figure 7-11 
shows the balance of H2 in the tank, starting from zero, divided into: the amount of H2 added 
through the supply pipe (n_H2), the amount of H2 in the free volume of the reactor (n_free_V), 
and the amount of H2 in the MH (n_MH). 
The bottom of Figure 7-11 shows the change in MH absorption during the process duration, in 
weight percent, as calculated from n_MH and a calculated mass of hydride in the reactor. 
It can be seen, that about 3 wt% of hydrogen could be utilized from the MH. The reaction is not 
complete at the end of the cycle, but at this point the reaction speed is decreased too far to 
provide sufficient hydrogen flow to the FC. 
Metal Hydrides as Enabling Technology for the use of Hydrogen-Based 
Energy Storage Systems on Telecommunication Satellites 
 
136 
-10 0 10 20 30 40 50 60 70
-15
-14
-13
-12
-11
-10
-9
-8
-7
-6
-5
-4
-3
-2
-1
0
1
H
y
d
ro
g
e
n
 R
e
le
a
s
e
 (
m
o
l)
Time (min)
 n_free_V
 n_H2
 n_MH
 
-10 0 10 20 30 40 50 60 70
-3.5 %
-3.0 %
-2.5 %
-2.0 %
-1.5 %
-1.0 %
-0.5 %
0.0 %
0.5 %
H
y
d
ro
g
e
n
 R
e
le
a
s
e
 (
w
t%
)
Time (min)
 
Figure 7-11 Hydrogen desorption 
Discussion of the above results has to consider one important factor. That is, that the volume 
outside the heat exchanger is empty. The tank therefore has a free volume of 4.4 cm³ compared 
to 0.4 cm³ MH volume. This large volume acts as a buffer volume. As can be seen in the 
simulation of the above test conditions shown in Figure 7-12. One can see that within one hour, 
only the first step of the dehydrogenation reaction is being activated, as the pressure within the 
tank stays well above 10 bar.  
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Figure 7-12 Tank performance calculation. 533 g MH and 4.4 l free volume in the tank 
This means, that the obtained results are not representative of a large tank system, as in such a 
system the free volume for buffering hydrogen under pressure would only be 22.5% of the tank 
volume. This ratio of free volume to MH volume is expected to be representative for a fully 
loaded tank system large enough that residual volumes in the end caps are not contributing 
significantly to the free volume. The upper part of Figure 7-13 shows the performance 
simulation of the tank if the free volume is reduced to 0.6 l. One can see, that within one hour, 
the material is being unloaded completely, releasing 3.8 wt% of hydrogen. The lower part of 
Figure 7-13 shows the expected tank performance again using the real free volume in the 
technology demonstrator. This time, the residual pressure in the tank is set to 2 bar. It becomes 
clear, that testing the tank without considering the residual pressure is much more representative 
for the up scaled system than using the residual pressure for the FC. 
 
 
Figure 7-13 Tank performance calculation for 533 g MH. Above: assuming a representative free 
volume of 0.6 l and starting from 80 bar tank pressure. Below: assuming the actual free volume 
in the technology demonstrator, but starting the reaction from 1 bar tank pressure. 
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Testing such conditions was realized by using a manual safety valve to relieve the pressure 
inside the tank to below 6 bar within a few seconds at the beginning of the desorption cycle. In 
the following, two such tests are being discussed. Figure 7-14 shows the temperature and 
pressure evolution in the tank for two desorption cycles, both starting with a depressurized tank. 
In the test on the left side, the tank temperature at the tank inlet was raised to 170°C, while in 
the one shown on the right side, this inlet temperature was gradually raised to 185°C within the 
first half hour. 
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Figure 7-14 Temperature and pressure evolution in the tank for two desorption cycles, both 
starting with a depressurized tank. For position of temperature sensors see Figure 7-3 and Figure 
7-9. 
In both tests, hydrogen flow to the FC was limited to 4 ln/min. For the first 30 minutes of the 
desorption cycle, the rate of hydrogen released is significantly higher than this value, causing 
the pressure to raise to about 14 bar. This corresponds very well with the simulation results 
shown in the lower part of Figure 7-13. Thereafter, Figure 7-15 clearly shows a difference in 
the desorption rate resulting from the difference in temperature at the two tests. Nevertheless, 
it can be seen that even with the MH being at higher temperature, the flow rate of 4 ln/min 
cannot be maintained. The reason is, that even at that temperatures, the reaction rate of the 
second reaction step is too low to be finished within 30 minutes and therefore has to start already 
at the beginning of the desorption cycle, not after 30 minutes as in these tests. 
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Figure 7-15 Hydrogen flow to the FC, limited to 4 ln/min 
Figure 7-16 shows the heat absorbed in the tank during the desorption process. Several 
observations can be made from this figure. First, the absolute heat absorbed in the tank is higher 
for the high temperature test. As this value is obtained by measuring the heat that is extracted 
from the heat transfer fluid, it includes also the heat losses from the tank to its surroundings, 
which are about 175 W at 170°C and 210 W at 185°C. The additional heat absorbed through 
the reaction on the other hand follows the same profile during the first 30 minutes and is the 
higher in the high temperature test. This can also be seen in Figure 7-17 where the total amount 
of energy stored in the tank is shown, again excluding losses. It becomes clear, that the first 
reaction step is very similar for both cases, while the second reaction step is faster at higher 
temperatures. 
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Figure 7-16 Heat uptake in the tank 
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Figure 7-17 Energy storage in the tank 
Figure 7-18 supports the same observation. Within 30 minutes, 2 wt% of hydrogen is released, 
which corresponds to the first reaction step. Within the next 30 minutes, 0.55 wt% or 0.9 wt% 
are being released from the second reaction step at respectively 160°C or 170°C MH 
temperature. Continuing this rate at high temperatures for another 30 minutes results in full 
desorption, showing that the reason for the incomplete reaction lies in the fact that the second 
reaction step is starting only after the first is being finished. 
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Figure 7-18 Hydrogen release 
The cause of this consecutively running reaction steps is the low initial temperature of the tank. 
As the temperature of the MH drops by about 10 K at the beginning of the reaction, it is not 
possible to deliver enough heat to the system to compensate for this temperature drop as well 
as heat the whole tank sufficiently fast to initialize the second reaction step. For the technology 
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demonstrator, it is therefore necessary to pre-heat the tank to about 185°C prior to the starting 
of the desorption cycle. Nevertheless, this is not representative for the full size system, as 
thermal losses will be significantly lower and the thermal mass of the pressure vessel will be 
much lower. Figure 7-19 and Figure 7-20 show this by simulation of the high temperature test 
as well as of a full sized tank already pre-heated. One can see that the results of Figure 7-19 
correspond very well to the experimental results shown in Figure 7-18 and the upper right of 
Figure 7-14. In Figure 7-20, it becomes clear, that in the full size tank, both phases will be 
activated well within one hour. Note, that the initial increase in the tank pressure from 80 bar 
to 100 bar is due to the step function in the heating of the material and will be smoothened out 
in reality. 
 
Figure 7-19 Simulation of the test shown on the right side of Figure 7-14 with an initial tank 
temperature of 140°C raising to 185°C after 30 minutes. 
 
Figure 7-20 Simulation of a full sized tank with 170°C MH temperature. 
It is important to note, the model used to derive the results in Figure 7-19 and Figure 7-20, is 
based on empirical fits to very small sample sizes, meaning that thermal transport phenomena 
limiting the kinetics were reduced to a minimum. The close agreement with the performance of 
the technology demonstrator shows, that such transport phenomena could in fact be limited here 
as well to a very minimum. 
7.2.3 Hydrogen Sorption 
On telecommunication satellites, the time available for rehydrogenation is in the order of 20 h, 
therefore the reaction kinetics is not a limiting factor. In the experiments, loading of the tank 
was performed by keeping the tank at 150°C constant temperature and slowly raising the 
pressure to 80 bar within two hours. Thus, the two phase transitions can clearly be separated 
and the wealth of the material could be checked. Figure 7-21 shows the material tests of a small 
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sample conducted by IFAM Fraunhofer in Dresden after the material was prepared and before 
it had been filled in the tank. 
Figure 7-22 shows three cycles of hydrogen loading in the tank. It can be seen, that the 3.5 wt% 
hydrogen sorption measured at sample level can repeatedly be realized in the tank system as 
well. Note, that the material was not fully dehydrated prior to the first cycle, resulting in a 
reduced height of the first reaction step. 
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Figure 7-21 Material characterization at IFAM Fraunhofer prior to the tank filling. 
-50 0 50 100 150 200 250 300 350
0
10
20
30
40
50
60
70
80
90
P
re
s
s
u
re
 (
b
a
r)
Time (min)
 Cycle 3
 Cycle 2
 Cycle 1
0
1
2
3
4
5
 H
d
ro
g
e
n
 C
o
n
te
n
t 
(w
t%
)
 Cycle 3
 Cycle 2
 Cycle 1
 
Figure 7-22 Sorption of hydrogen in the tank 
Also here, the performance of the technology demonstrator shows very good agreement with 
the material tests on sample level, verifying the optimized design of the tank. 
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7.3 Performance Extrapolation on System Level 
7.3.1 Hydrogen Storage 
The free volume within the MH pellets themselves is 15.8 vol%, which in this configuration is 
0.0726 l inside the inner pellets. The amount of hydrogen stored in this free volume is 5.4% of 
the hydrogen stored in the MH itself. This results in an effective gravimetric density of 3.7 wt%. 
Taking into account also the free volume of the reactor and the ullage volume below and above 
the MH stack inside the tank is not straight forward. The free volume of the empty reactor is 
4.83 l, but when post processing the test results, it has to be considered, that a large part of this 
free volume (3 l) will be used for additional MH material. Distributing the free volume of the 
empty tank between the volume of the inner and the outer MH volume in the ratio of these 
volume yields an approximate free volume of 0.64 l that can be attributed to the inner MH 
material. Using this free volume figure yields an effective storage capacity of 4.2 wt% for the 
material including the hydrogen stored under pressure in the tank. 
7.3.2 Heat Storage 
Heat is stored in the tank system in two ways. First, the major part is stored in the endotherm 
reaction of hydrogen release. This part is determined by the material properties of the MH 
material, in the case of sodium alanate, it is 40.33 kJ/mol H2. However, heat is also stored by 
heating the tank as well as the MH material itself from the hydrogenation temperature of 150°C 
to the dehydrogenation temperature of 170°C, both temperatures again for the material choice 
of sodium alanate. Estimating a dry mass of the tank equal to 15% of the MH mass and assigning 
a heat capacity of 897 J/kgK of this mass (the heat capacity of Aluminium) gives the following 
heat storage capacity 
 𝐸ℎ𝑒𝑎𝑡𝑖𝑛𝑔 = (𝑚𝑀𝐻𝑐𝑀𝐻 +𝑚𝑇𝑎𝑛𝑘𝑐𝑇𝑎𝑛𝑘) ∙ Δ𝑇 ∙ 𝑃𝑒𝑙 7.1 
with 
𝐸ℎ𝑒𝑎𝑡𝑖𝑛𝑔…𝑒𝑛𝑒𝑟𝑔𝑦 𝑠𝑡𝑜𝑟𝑒𝑑 𝑏𝑦 ℎ𝑒𝑎𝑡𝑖𝑛𝑔 𝑡ℎ𝑒 𝑡𝑎𝑛𝑘  
𝑚𝑀𝐻…𝑚𝑎𝑠𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑚𝑒𝑡𝑎𝑙 ℎ𝑦𝑑𝑟𝑖𝑑𝑒  
𝑚𝑇𝑎𝑛𝑘 …𝑚𝑎𝑠𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑒𝑚𝑝𝑡𝑦 𝑡𝑎𝑛𝑘  
𝑐𝑀𝐻 …𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 ℎ𝑒𝑎𝑡 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑀𝐻 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙  
𝑐𝑇𝑎𝑛𝑘 …𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 ℎ𝑒𝑎𝑡 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑒𝑚𝑝𝑡𝑦 𝑡𝑎𝑛𝑘   
𝛥𝑇…  𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑡ℎ𝑒 ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛𝑎𝑡𝑖𝑜𝑛 𝑎𝑛𝑑 𝑟𝑒ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛𝑎𝑡𝑖𝑜𝑛 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒  
𝑃𝑒𝑙…𝑝𝑜𝑤𝑒𝑟 𝑜𝑢𝑡𝑝𝑢𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑓𝑢𝑒𝑙 𝑐𝑒𝑙𝑙  
For 1 kW system output, this results in the following heat balance 
Table 7-2 Heat stored from a 1 kW system 
Heat dissipated from the FC 1753.7 kJ 
Heat stored in the chemical reaction 1018.1 kJ 
Heat stored in the heating of the tank 42.1 kJ 
Overall heat storage performance 60% 
7.3.3 Maximum H2 flow rate towards a H2O Propulsion System 
It can be envisioned to use the RFCS in combination with a H2O propellant system. Such system 
would burn oxygen and hydrogen in a combustion chamber as other chemical propulsion 
systems do. For the implementation of the MH tank in such a combined system, it is important 
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to know the maximum flow rate that can be achieved from the MH tank. This is depending on 
many parameters like the temperature level and the back-pressure. Nevertheless, the following 
estimations can be derived. All figures are given for a system providing 1 kW electrical output 
and can be scaled to the actual power of the subsystem, as all scaling effects like the effect of 
the end-caps of the tank were neglected. 
1.) 1.25 gH2 can be provided to the propulsion system immediately. That amount is at least 
stored in the pressure vessel (not considering the volume in caps etc.) and the maximum 
flow rate to the propulsion system will be limited by the design of the tank outlet. 
2.) 46.4 gH2 (0.516 m³) can be provided with a high flow rate within 10 to 20 minutes. For 
low back-pressures, the theoretical flow rate will again be limited by the design of the 
tank outlet, as the one from the free volume in the pressure vessel. The provision of this 
hydrogen will also depend on the provision of heat to the system. As the tank will not 
be heated from the FC in propulsion mode, the most efficient way of heating would 
probably be a thermal loop combining regenerative cooling of the combustion chamber 
with the heating of the MH tank. 
3.) The remaining 19.4 gH2 (0.216m³) can be provided with a lower flow rate within one 
hour. 
7.3.4 Cold Start and Initialization 
As discussed above, 1.9% of the stored hydrogen are available even if the tank is cold, as they 
are stored as pressurized gas in the tank. The heating of the whole tank can be estimated by the 
following formula: 
ℎ𝑒𝑎𝑡𝑖𝑛𝑔_𝑡𝑖𝑚𝑒[𝑠] 𝑝𝑒𝑟 1𝑘𝑊 𝐹𝐶 =  2105 ∙
Δ𝑇
𝑃𝐸𝐿𝑌
  
This means, that heating the tank from 25°C to 160°C would require 60 s for a 1 kW system 
and 2300 s (38 min) for the 38 kW system, assuming 500 W heating by e.g. the electrolyser. 
This is 1.4% of the desorption cycle. It is therefore expected, that the MH tank can be initiated 
at room temperature and heated to its operating temperature while it already provides hydrogen 
to the FC. In addition, hydrogen can be provided already at lower tank temperatures for the FC 
start up and the resulting heat from the FC can be used to further heat the tank. For example, at 
100°C hydrogen can be provided with about 2.5 l/min against 1 bar FC pressure. 
7.4 Comparison to Alternative Concepts 
7.4.1 High Temperature Radiators 
With the current approach, the MH material is also a part of the thermal hardware and replaces 
the largest radiator of a conventional RFCS. The competitiveness of the concept therefore 
largely depends on the MH’s capacity for both hydrogen and heat storage, even if there are 
other indirect effects which also affect system performance. Figure 7-23 shows the amount of 
stored heat per kg MH as a function of storage capacity for different enthalpies. It also makes 
a comparison with the mass of a high temperature deployable radiator [39]. The four solid lines 
show that both increased enthalpy and increased hydrogen storage capacity increase the heat 
storage capacity of the MH. The dashed blue line show which temperature is required on the 
radiator to reach the same efficiency on the thermal hardware. Thus, for the case with 65 kJ/mol 
of enthalpy and 6.5 wt% of storage capacity, the radiator temperature must exceed 190°C to 
reach the same efficiency, and if the storage capacity increases to 8 wt%, the radiator 
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temperature increases to almost 220°C which is too high for a high temperature PEM. However, 
for a final comparison between the two technologies, the following side effects have to be 
accounted [39]: 
1.) The MH allows for H2 storage at lower volume and pressure compared to compressed 
hydrogen which will reduce the mass of the storage tank 
2.) If storage pressure is limited to 150 bar, the MH implies a 50% volume reduction of the 
hydrogen storage. If the storage pressure is improved to 700 bar, the MH implies an 
increased volume. Nevertheless, the high temperature electrolyser can provide hydrogen 
only up to 100 bar, which is sufficient for the MH, where any further compression on a 
pressure tank would require a compressor unit. 
3.) The deployable high temperature radiator required for a system without MH is more 
difficult to place, since it needs a free surface for radiation.  
4.) There are no radiators available today that operate at a temperature of 180°C and the 
deployment of radiators is a technology with a very low Technology Readiness Level 
(TRL), similar to the MH tank. 
 
Figure 7-23 Heat storage efficiency compared to a potential high temperature radiator [39] 
7.4.2 Separate Hydrogen and Heat Storage 
It is possible to think of a system that keeps the functionality of the MH tank while separating 
the hydrogen and the heat storage from each other. Such system would use a pressure tank for 
hydrogen storage and another tank with a heat storage medium for buffering the heat dissipated 
by the FC. One of the most potent heat storage media is water, with a heat capacity of more 
than 4 kJ/kgK. We can therefore investigate a system where the temperature of water is being 
raised from 25°C to 95°C, as the FC operates. In such a system, 293 kJ of energy could be 
stored in 1 kg of water, which results in an efficient energy storage density of 9.8 kg water per 
1 kW electrical output of the system. The heat storage itself is thus already 5 times heavier than 
the MH tank, which would already include the mass for the storage of hydrogen. If on the other 
hand, water is heated from 25°C to 175°C, including a phase transition, this figures reduces to 
0.9 kg per 1 kW electrical output. This becomes comparable to the MH performance, but the 
mass for the pressurized hydrogen tank as well as a tank that can contain the water during 
heating and vaporization have to be included. More detailed investigations of the system aspects 
of such a solution have to be conducted in order to assess its competitiveness. 
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8 Outlook 
The work presented in this thesis has led to a thorough understanding of the potential 
application of a MH based hydrogen and heat storage system on spacecraft systems. Several 
challenges unique to the space environment were addressed and investigated both theoretically 
and experimentally and a technology demonstrator proved, that by appropriate optimization of 
the tank, it is possible to utilize almost the full performance capabilities of the MH material. It 
could be shown, that the introduction of a MH tank system can help significantly to overcome 
the problems a RFCS system is facing when implemented in a spacecraft, in particular in a 
telecommunication satellite. Thermal issues arising from the heat dissipation of the FC can be 
reduced significantly or even resolved completely. 
However, the large interdependency of the work presented in this thesis with several other 
ongoing efforts (e.g. in FC and electrolyse technology advancements) make it difficult to come 
to a conclusion regarding the performance of the overall energy storage system as well as its 
competitiveness compared to next generation batteries.  
Also, the performance of the developed technology will depend on the availability of MH 
materials fitting the application needs. As the overall system gets more defined and advances 
in e.g. FC technology become more concrete, the choice of a suitable material will have to be 
updated. 
In order to proceed with these investigations, several activities have been initiated. 
1.) A detailed system study lead by Airbus DS is investigating the potential of the use of 
RFCS on telecommunication satellites. This system study considers the integration of a 
MH tank as a baseline for hydrogen and heat storage. 
2.) An investigation of new (mixtures of) MH materials in particular towards their usability 
in spacecraft applications has been started in order to have a better basis for the choice 
of a suitable material. 
3.) After choosing an appropriate material, the technology demonstrator presented in this 
thesis will be filled to its full capacity to get more data on the performance and 
controllability of the technology. 
4.) A study has been initiated in order to find the best technological solution for the pressure 
vessel enclosing the MH material. This is particularly challenging, as the choice of 
materials is very limited when in simultaneous contact with hydrogen and high 
temperatures. 
Following the outcome of the system study and an appropriate MH material selection, it is 
foreseen to couple the technology demonstrator with a FC system currently developed at CMR 
Prototech to allow for characterization of a closed loop system. 
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